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Phonon-Induced Enhancement! 
of the Energy Gap and Critical Current 

in Superconducting Aluminum 

by Daniel Seligson 

Abstract 

We investigated the enhancement of the energy gap, A. and critical 

current, ic, in superconducting aluminum thin films under the influence of B to 

10 GHz phonons. The phonons were generated by piezoelectric transduction of 

a 1 kW microwave pulse of about 1 /isec duration. By means of a quartz delay 

line, the phonons were allowed to enter the aluminum only after the microwaves 

had long since disappeared. The critical current was measured in long narrow 

Al strips, in which the current flow is 1-dimensional and well described by 

Ginsburg-Landau theory. To measure A we used the Al film as one electrode in a 

superconductor-insulator-superconductor tunnel junction whose current-

voltage characteristic gave A directly. 

For the measurements of i^, we measured the total critical current in the 

presence of the phonon perturbation. For the measurements of A we measured 

the change of A away from its equilibrium value. In both cases we report the 

first measurements of enhancement of these macroscopic variables under pho

non irradiation. The enhancements are given in units of the effective change in 

reduced temperature, [ ST/ Tc ] . The maximum enhancements we detected 

were [ 6T/ Tc ]=-0.07 for it and [ 6T/ Tc ]=-0.03 for A. We examined the power-

and temperature-dependence (0.B2S77 7^0.994) of the enhancements and 

compared them with the prediction of a theory given by Eliashberg and cowork

ers. We found the gap-enhancement to be in good agreement with the theory, 

but only for relatively and surprisingly low input power. The critical current 

measurements are predicted to be in rough agreement with the A measure-
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ments but this was not observed. The magnitude of the critical current 

enhancements was t/pically more than twice the observed gap enhancements. 

The measured critical current enhancement was relatively independent of tem

perature whereas the gap enhancement decreased rapidly as the temperature 

was lowered. There is at present no theoretical resolution of this matter. 
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CHAPTER I 

INTRODUCTION 

The field of enhanced superconductivity began with the investigations of 

Dayem and Wiegand (1967) and Hyatt et al. (1966) into the effects of 

microwaves on superconducting tin microbridges and weak links. Indepen

dently they found an enhancement of the critical current of these bridges (see 

Fig. 1). This effect contradicted the results at lower frequencies, where radia

tion had reduced the critical current. Such a reduction may be understood by 

thinking of the applied radiation or impressed ac current as an electromagnetic 

field ytu, which like a static magnetic field A,, suppresses the dc critical current 

of a superconductor. This is sometimes called classical rectification. Dayem 

observed that the enhancement was present only in short, narrowly constricted 

microbridges and not in longer more uniform ones. Thus it was conjectured 

that Josephson tunneling was somehow associated with enhancement. Dayem 

and Wyatt's experimental findings also contradict the Josephson theory predic

tion concerning the interaction of microwaves and Josephson junctions. In that 

theory, which has been verified extensively (Shapiro, 1963; Anderson and 

Dayem, 1964) current steps in the I-V characteristics are generated at voltages 

7 = nhu/Ze for integer n, and the amplitude of the step at zero voltage (the dc 

supercurrent) diminishes under first application of RF power. At the time of 

that work, no explanation of this phenomenon 'fas forthcoming. 

Three mechanisms have been proposed. Although two of these are no 

longer in favor, 1 will describe them briefly. The first (Hunt and Marcereau, 

1967) is based on the notion that the applied RF field somehow binds the two 

1 
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Figure 1. Dependence of critical current of microbridge on RF power, (a) 
Theoretical expectation, (b) Experimental observation of Wyatt et at. (1966). 
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large banks of a superconducting bridge and thereby lowers the system energy. 

In an energy balance equation that includes the kinetic energy of the super-

current, the condensation energy of the superconductor, and the thermal 

energy, the binding energy competes with the temperature and increases the 

maximum supercurrent. Since temperature introduces thermal fluctuations 

that ultimately destroy the superconductivity. Ibis mechanism has been called 

the RF suppression of fluctuations. The second mechanism is due to Lmdelhof 

(1978). Given that the critical current and Tc of a weak link is smaller than 

both the same quantities in its banks and than equilibrium theory would predict 

based on material parameters (dimensions, coherence length, etc.}, the 

presumption is that the effect of microwaves is to sweep the Cooper pairs of the 

banks into the constriction of the bridge, thereby increasing the bridge's capa

city for supercurrent. Numerical modeling of each theory results in a 

predicted increase in ig under irradiation. Neither theory can explain either 

the observed frequency dependence (enhancement is found only within a cer

tain frequency range) or the rapid fall of the critical current after the incident 

power exceeds some critical value. Dayem also observed apparent enhance

ments of the critical temperature Tc. The RF suppression of fluctuations model 

predicts some Tc enhancement, but Lindelhof s theory does not. 

The widely accepted explanation is due to Eliashberg ( Ivlev, Lisitsyn, and 

Eliashberg, 1973 (ILE)) and is described in detail in Chapter 2. It is often called 

the microscopic theory, whereas the aforementioned ones are usually said to be 

phenomenologicaL The key points of Eliashberg's theory are: (1) the increase 

in supercurrent is the manifestation of an increase in the superconducting 

energy gap, & which occurs because the microwaves, as quanta of energy 

E = hv. are absorbed by quasiparticles near the gap edge and are removed 

from the gap edge to higher energies, (2) the effect does not depend on the 
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weak link nature or Josephson properties of the structures that had been 

examined, and it may occur just as well in a homogeneous superconductor. (3) 

a lower frequency limit is determined by vBti = Tg~' , where TJ is the inelastic 

relaxation time of a quasiparticle at the gap edge at Tc. (+) an upper frequency 

limit is set by competition between the enhancement (proportional to the 

number of absorbed quanta. Njg) and the inexorable heating (proportional to 

V.NR), and (5) the model is extendable to other processes that change the 

steady-state quasiparticle distribution. 

The topic of thb thesis is the extension of the Eliasbberg mechanism to 

enhancement by ultrasound or microwave phonons. The next experiments in 

the field pioneered this method (TredweU and Jabsobsen. 197S and 1976). 

Theoretically it is only a modest leap to modify ILE to accommodate the pho

nons. TredweU and Jacobsen made aluminum samples of point contacts and 

microbridges, and measured the temperature dependence of the critical 

current of the weak link versus temperature. The theoretical equilibrium rela

tion between A and T was used to find i c vs. A. Then, under 10 GHz phonon irra

diation, the enhanced critical current, %* , was measured and the enhanced 

gap A* was inferred. The results could be compared quantitatively with ILE. 

This is dl jcult in the microwave case because the number of absorbed quanta 

is difficult to ascertain. The incident fields couple to and are reflected by the 

films themselves, making a determination of the absorbed power a complicated 

self-consistency problem in electromagnetism and superconductivity theory. In 

the phonon case the chosen irradiation scheme is rather, like shining a flash

light on the sample: you know quite well that the incident intensity doesn't 

change when you shine it on something different. The results of the com

parison to 1LE were convincing evidence that ILE was correct and had predictive 

power. 
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There followed on this, around 1976. a deluge of enhancement work. Kom-

mers and Clarke (1977} directly measured gap enhancement by 3 and 10 GHz 

microwave irradiation of a tunnel junction. Klapwijk, van den Bergh, and Vooij 

(1977} reported on extensive work measuring the critical current enhance

ments in long, narrow, superconducting strips, whose properties were calcul

able from Ginsburg-Landau (GL) theory (Tinkham, 197S). The strips were ideal 

in the sense that according to GL. i , = V{1~T/ 7" e ) 3 / z and F depends only on 

material properties that may b« measured. The experimentally derived f may 

be compared to the theoretically derived V and good agreement is found. Criti

cal current enhancements were then interpreted in terms of gap enhance

ments, and these were compared with tLE. Pals and Dobben (1979) also 

reported on similar measurements, a notable difference being that they covered 

an enormous temperature range, from 40 mK to 7̂  a 1.3 K. Both groups found 

Tc enhancements and tried to elucidate an apparent first order transition to 

the normal state at some critical radiation power. 

This was an exciting time in nonequilibriurn superconductivity; it had only 

just acquired its own name (Langenberg, 1975). Measurements and theories 

abounded on subjects like relaxation times of disequilibria, coefficients of heat 

coupling between samples, their substrates, and heat sinks, injection and 

extraction of quasiparticles, charge imbalance, and stability of dissipative 

states (see conference proceedings edited by Gray, 1981). All of these subjects 

bear in no small way on our present understanding of gap enhancement. 

Schmid (1977) and co-workers (Eckern et al., 1979 (ESSS)) made Eliashberg's 

theory comprehensible and modular, providing us with phonon, photon, and 

quasiparticle injection plug-ins. Measurements of inelastic relaxation times, in 

particular by charge imbalance measurements (Chi and Clarke, 1979a ), allowed 

for a more profound comparison of enhancement data and theory because the 
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only parameter in ILE is proportional to r t . The thermal coupling of a sample 

to its constant temperature environment has a great influence on measured 

enhancements and measured rt't. Problems of this kind were of general 

interest at the time, and we now understand better how to include so-called 

heating and phonon-trapping effects within the framework of ILE. 

In spite of these successes, certain difficulties began to emerge. To begin 

with. Chang and Scalapino (1977, (CS)) made some numerical calculations which 

probed an ILE assumption that the phonons in the sample are in thermal equili

brium. Their findings indicated that: (1) this isn't true. (2) the number of quasi

particles is actually reduced below its thermal value and this effect is as 

significant to the gap enhancement as is the removal of the pair-blocking low-

lying quasiparticles, and (3) phonon trapping^1' is a dramatically important 

phenomenon in these experiments because it alters the magnitude, maximum 

temperature dependence and even the sign of the enhancement. The impor

tance of these findings was to point out that quantitative comparisons between 

experiments and ILE must be interpreted more figuratively than literally. 

Several research groups tried simultaneously to make more detailed stu

dies of gap enhancement using tunnel junctions. The UCLA group (Dahlberg. 

Orbach and Schuller, 1979) was unable to see that effect, yet they were able to 

see critical current enhancement in the same films. An NBS group (Hall. Kolde-

man, and Soulen, 1980) also experienced difficulty observing enhancement, 

although they were able to do so a few years later (Holdeman et al., 1981). 

Similarly, second-generation efforts at Berkeley (Lee and Clarke, private com

munication) were unable to observe gap enhancement for a few years, but were 

able to do so, again, in the early 19B0's. The matter is unresolved, but the con

sensus of opinion is this; ( l ) gap enhancement by microwaves using tunnel 
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junctions is confounded by photon-assisted tunneling (Tien and Gordon. 1903: 

or see Chapter 4), (2) seemingly small differences in sample geometry may make 

the big difference between success and failure. (3) critical current enhance

ments are easy to see, and the contrast between ig and A in this regard is 

irreconcilable, and (4) the role of heat transfer to the LHe bath is crucial 

In addition to the successes and failures of gap enhancement by radiation. 

Chi and Clarke (1979b) and Gray (1978) detected gap enhancements in films 

whose quasiparticle distribution functions were altered by injection or extrac

tion of quasiparticles. Enhancements so generated are small, but this pertur

bation scheme has the advantage that the change in the distribution function is 

easy to calculate and control, making comparisons with theory more straight

forward than in.the microwave case. 

The ILE theory predicts a change in the distribution function n(E) of the 

quasiparticles based on a solution to the Boltzmann equation that describes the 

interaction of radiation and the quasiparticles. The change in n(E) which is 

reflected in changes in macroscopic quantities tj and A. and the true nature of 

the disequilibrium 5n(E), had not yet bfsn m<?-3"r=d. A major effort in the field 

of nonequilibrium superconductivity was to calculate these <5n(E) in various cir

cumstances (summarized in Gray, 1981). As the 1970's came to a close, experi

menters developed methods to extract the distribution functions from meas

ured I-V characteristics in a wide variety of situations and to compare them 

with ILE or CS or other theories. Willemson and Gray (1978) examined n(E) in a 

tunneling injection experiment. Smith, Skocpol and Tinkham (1980) shined a 

laser on superconducting samples and found <5n(E) by tunneling methods. 

Later, Horstman. Wolter and Bartels (1981) used these techniques to verify that 

changes in n(E) predicted by ILE, or more specifically by CS, were indeed mani-
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test in the 1-V's of microwave irradiated tunnel junctions. nf c w r ~ \ since A 

increases, the cusp (at the difference of the gaps) and current step {at the sum 

of tbe gaps) are displaced, but another consequence is that tbe depletion at 

n(A) causes the tunneling current just below the cusp to be reduced. This 

experiment is considered to be a very significant confirmation of the validity of 

tbe theory. 

In research that followed their critical current enhancement studies. Pals 

and Dobben (1980) measured enhancements of the order parameter in a super

conducting cylinder under 9 GHz microwave irradiation. The order parameter ¥ 

is proportional to & in the the Ginzburg-Landau theory. They employed the 

condition of a superconductor's quantization of magnetic flux to relate changes 

in flux through a SQUID coupled to the cylinder to changes in A of the film. 

Further development of this work enabled van Attekum and Ramekers (1982) to 

make simultaneous measurements of critical current and order parameter 

enhancements. They found v enhancement to be about one-half of what one 

would expect it to be based on the observed ic enhancements. 

This discrepancy has been controversial since the early days of the 

enhancement field. Theoretical predictions of the difference came from Weiss 

(1991), Entin-Wonlman (1981). and the Karlsruhe group under Schmid (private 

communication). These predictions (described in Chapter 2) can account for 

differences of only 10-20%, much less than the measured and perceived 

differences. The only two explicit measurements of this kind are van Attekum 

and Ramekers and the work of this thesis. The null results of Dahlberg et al. 

(1979) are an extreme example of the disagreement. Work in progress by Lee 

and Clarke also points to some large disparity, but this study is not yet com

plete. An as yet unpublished paper by Mooij and Klapwijk (1962) also tries to 
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get at this problem. The gist of their analysis is that under identical conditions 

the absorbed microwave power may vary by a factor of 2 between i , and A 

measurements. Critical current enhancements are measured with a large 

supercurrent passing through the sample. Gap enhancements are measured 

with small supercurrents (vanishingly small in principle). For a narrow sample 

near Tc. A falls to V 2 / 3 of its equilibrium value when a critical supercurrent 

passes in it. At low temperatures, when the absorbed power is proportional to 

A""4, the absorbed power during critical current measurements is 9 /4 of the 

absorbed power during gap measurements. This factor of 9 / 4 seems to be in 

accord with the factor of 2 in the work of van Attelcum and Ramekers. This 

mechanism has no validity whatsoever with regard to the experiments of this 

thesis. 

The experimental study to be described is on the subject of phonon-

induced enhancement of superconductivity. Simultaneous measurements of 

the critical current and the energy gap are made when an aluminum sample is 

subjected to a beam of monochromatic longitudinal phonons in the range 8-11 

GHz. The phonon source is intrinsically decoupled from the sample films so 

that the interplay of superconductivity and electrodynamics, which complicates 

the interpretation of microwave measurements, is not relevant to this experi

ment. 

Host of the theoretical considerations are discussed in Chapter 2. In order 

to facilitate reading other work on this subject. Appendix A relates the notation 

of this thesis (predominantly ESSS) to that of the other major contributors. 

Experimental details are described in Chapter 3. All relevant material parame

ters for aluminum are tabulated (with references) in Appendix B. Chapter 4 is a 

detailed discussion and analysis of the experimental findings. Appendix C is a 
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compilation of the sample parameters and gap enhancement data for several of 

the tunnel junctions I measured. Appendix D is a compilation of the sample 

parameters and critical current data for several of the strips I measured. Con

clusions are summarized in Chapter 5. All footnotes are coUected before the 

references at the end of the text. 



CHAPTER 2 

THEORY 

1. THE STANDARD VERSION 

Eliashberg and co-workers (Ivlev, Lisitsyn and Eliashberg. 1973 (ILE)) real

ized tha t for a superconductor near Tc, quasiparticies of low energy may be 

removed from near the gap edge by applying some radiation of frequency v. 

These low-lying quasiparticles block the phase space (whose phase space deter

mines the magnitude of the superconducting energy gap) available to Cooper 

pairs, and their removal might have the effect of increasing the gap A. This is 

expressed most eloquently in the BCS integral equation, 

1=A fdS l-*?W . (I) 

where X is a constant that depends on the superconductor in question, n(E) is 

the quasiparticle occupation number, and og is the Debye frequency. Suppose 

a solution A has been found to the integral equation for a thermal distribution 

•n.{E)=nf{E)^{\-¥ts/T)~l . The denominator weights the integral in such a way 

that when n(E) is either reduced at low energies or increased at higher ener

gies, A must rise above its equilibrium value to keep the equation satisfied. The 

ILE theory is thus concerned with calculating the deviation of n(E) from nT(E) 

under the influence of microwave radiation u. Tredwell and Jacobsen (1975 and 

1976) modified Lhe theory to t rea t incident ultrasound or phonons, which were 

also of microwave frequencies. In this chapter I will consider both forms of 

radiation, but I will emphasize the results for the phonons. 

11 
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The perturbing radiation v may change n(E) by three processes: a state of 

energy E—v may absorb the quantum, a state E+v may be stimulated to emit 

another quantum, and for sufficiently large v the quantum may destroy a 

Cooper pair creating new excitations at E and u-E. These processes are 

displayed graphically in Fig. 2. The total scattering into E by the driving per

turbation is easily calculated using the Golden Rule, 

+ [i/ -• - i / ] 

+# I (mi(i'-f)(l ± g ( f_ [ / ) )(l-n(g)-rt(^-g» 1 . 

Here, N(0) is the single spin density of states at the Fermi level. 

N,(E) = E/ V EP-tftyE-Cii is the BCS density of states, the terms 

Aa 

(1 ± -=T—=r-) are coherence factors that determine the energy dependence of 

the absorption for microwaves (upper sign) aud phonons (lower sign), and 

Jfg= aJf/hv, where c Is the normal stale attenuation coefficient (with dimen

sions of 1/length) and W is the incident radiation flux (energy sec'1 cm" 2). 

Equivalently, NR is the number of quanta per unit time per unit volume that the 

superconductor would have absorbed were it in its normal state with the same 

radiation intensity present. It is true therefore that 

N(0) f <*£JV 1 (£)(n) a | 4 , a = Afc. 
Mil mtrgitM 

The most direct path to a solution for the nonequilibrium distribution 

function is to employ the relaxation time approximation (RTA). 
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' PHONON 
• QUASIPARTICLE 

<g> COOPER PAIR 

XBL 831-SIIO 

Figure 2. Graphic representation of the three processes that change n(E) 
by interaction with a phonon. 
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(n h- 7 - (n (^)-nr(^))- (RTA) 

Precisely, TJ ia the mean lifetime of a quasiparticle at the gap edge at T = Te 

(Kaplan tt al.. 1978). More generally, rt, the inelastic scattering time, is the 

time scale on which the energy of a nonequilibrium quasiparticle distribution 

relaxes back to equilibrium. In in Al film of Tc si 1.25 X. TE=IZ nsec. Certain 

restrictions must be imposed to ensure the validity of the RTA. First, the 

change in occupation number of a state must be much less than unity. 

ZN(ti)Tc 

- « 1 . 

This has the effect of keeping n si 717 , and we can mike that replacement on 

the right hand side of Eq.(U). Second, since rE has a temperature dependence, 

either Tj a 1 / 7 s or 1 / E3 (whichever is shorter), we require thai 

ti.v<X.T. 

This imposes the condition that changes induced by the perturbation occur 

over an energy range well localized on a scale of T, so that TS \S relatively con

stant. Thus we are confined to temperatures close tc Tc and energies both 

close to the gap edge and much smaller than Tc. In cur expression for {n)o we 

can make the replacements 

n(E±v)-n(E) = -(± - £ - ) and 47i 

l-n(v-E)-n(E) = - £ - • 

Putting this into Eq.(I) we get 

n„ = n-Tir = (n)0TS (111) 
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NRTE r-j NM { [V,(i'-,/)(l ± jfjfz^)} - [v - -v]j BN(0)Tt 

The subscript "D" is meant to indicate that, due to the perturbing radiation, 

this time rate of change of n(E) is the result of a "Drive" term in the governing 

Boltzmann equation. For E < 4 + v. the quantity in brackets is of order 1. so 

the leading coefficient may be regarded as the deviation at low energies of the 

occupation number from its thermal value. It is called B by Fckem, Schmid. 

Scbmutz, and Schon (ESSS, 1979). The RTA is valid only for B « 1. 

The new distribution function for phonon irradiation is shown in Fig. 3. In. 

the case shown v < 2A. Consequently, no new quasiparticles are generated, 

states near the gap edge are depleted, and states above E = A+f are enriched. 

In the figure there is a singularity at E - A +v. which is an image of the singular 

BCS density of states. In reality, this either gets smeared cut over a width 1/ rs 

or by any inherent smearing of the BCS singularity, whichever is larger (Chang 

and Scalapino, 1977). The smearing over a width 1/rg indicates that unless 

v >l/Tg, n(E) will be indistinguishaole from a thermal distribution and. in this 

case, we should expect no enhancement for v& 1/Tg. 

By inserting this new value for n = n, -Mij- into the BCS integral, we may 

find the nonequilibrium value of A. Since we are interested only in the tempera

ture range A/ r « l , the BCS integral may be reexpressed as the Ginzburg-

Landau (GL) equation 

4 ( 7 ' / 7 ' c - l + / 9 - ^ - + [ < 5 / / r c ] ) = 0 (jV) 

where 0=7tf.3)/8^ a 0.1066. and 
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n(E) 

0.2 

WITH PH0N0NS 

WITH MICROWAVES 

&+f 

1.0 1.5 2.0 
E/A 

2.5 

XBL832-5208 

Figure 3. The quasiparticle distribution function in equilibrium, ar..-° with 
microwave and phonon radiation (B=0.03, T/ Tc = 0.93. v/ Tc = 0.30. 
i / /4 = 0.70). 
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l6T/T.] = +fdE^=^. (V) 

Of course in equilibrium n = nT so {6T/ Tt ]=0 and the GL equation in its usual 

form is obtained (Tinkham, 197S). When the nonequilibriumresult for (n-nj-) is 

plugged into Eq.(V), ESSS find that [ 6T/ Te ] is a sum of elliptic integrals, pro

portional to B, and functionally dependent only on the ratio A/v = u . Rewrit

ing, the GL equation becomes 

u ( TV Te - 1 + (I ( - ^ O ^ - BG{u) ) = 0 . (VI) 

where G(u) is displayed in Fig. 4. Roots of the GL equation may be found either 

graphically or numerically^. It is very easy to see with the graphical method 

that more than one root exists for certain values of the parameters (Fig. 5}. 

One must then discern what these solutions are and which of them is stable. It 

is the principle purpose of ESSS to examine these questions. It will suffice here 

to say that in the experimentally accessible domains of Fig. S (temperatures 

sufficiently below 7", that v < 2 i or equivalently u > )£), only one solution is 

found and that is the enhanced one. 

What 1 have presented thus far is the ILE theory of gap enhancement. In 

the remainder of this chapter I will look at some corrections to ILE, its inherent 

limitations, and its extension to measurements of critical currents. 

2. HEATING CORRECTIONS 

Aa a first amendment to ILE, ESSS assert that in addition to the effect that 

the redistribution of quasiparticles has on A, the absorbed pbonons also have 

the effect of changing the electronic temperature. Expressed as an additive 

constant to the quantity [ ST/ Tc ], this new term is 
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B+(u) 

0 < i ' • • « • 
0.25 1.0 2.0 u 2 

jTfci) 

— 1 1 1 — 1 ! 
0.25 1.0 2.0 , 

- 2 

-4L 
XBL83I-5I1I 

Figure 4. The functions C*^) for the microwave (+) and phonon (-) cases. 
For their analytic representation see ESSS. 
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Figure 5. Graphical method of finding a solution to Eq. (VI), t=T/ Tc. The 
intersection of the straight line, y , , and the curve, G(u). is the root (note hor
izontal scale is u z!). Other notable features of this presentation are: y , is zero 
at the equilibrium value o fu ' , and when u 2 = 0, y , = (t-l)/B. 
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[ o T / 7 i ] , = +0.6B-£-S. 

The term has its origin in the fact that in the earlier calculation of (n)D. we 

assumed that the distribution functions on the right hand side of Eq.(Il) were 

the thermal ones, nT. By the RTA, ngTg is the change in n(E) produced by that 

assumption, and for self-consistency, the total n = nj- + n^r^ should be used. 

Carrying out the calculation in a perturbative manner to one higher order. 

ESSS calculate a correction n , . which when inserted into Eq.(V) yields the term 

[ ST/ Tt ] , ''J. Since [ ST/ Tc ] appears in the GL equation on equal footing with 

temperature 77 Te. and since [ST/TC ]« does not depend on A. unlike the terms 

/J £?/ T? and BC{ &/u), the implicit waning of [ ST/ Tc ], is that it is a correc

tion to the temperature of the superconductor, resulting from the input of pho-

non energy, and of such a sign as to increase the temperature. 

From a slightly different viewpoint one might argue that because of a finite 

thermal boundary resistance, Rg, between superconductor and heat reservoir, 

the superconductor's temperature will be elevated above its surroundings. The 

usual means for calculating such a tempe.-ature rise in a steady state situation 

is 

_ Rr x heat injrut 
change in T = — — ; £ . 

surface area 

The heat input is the number of phonons absorbed per unit volume per unit 

time, Np, times the sample volume, times the phonon energy v. Normalizing the 

change in T to TQ we obtain another correction to the sample temperature 

+ Nnj-RKl , 

where I is the sample thickness. If there is more than one channel for heat 

exchange, as is the case in the experiments of this thesis, then Rx~* = £.ffja~'. 
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which is only a statement that conductances add. If we choose to write Ng in 

terms of B, then this term may be added to the previous one and • single 

coefficient h used to represent all of the heating effecti. 

The heating h depends on various material parameters, and in the experiments 

of this thesis ft a> 1.5. The latter term is sometimes called a phenomenological 

heating term-and was first introduced in print in this context by Kooij (1981). 

There is good reason to wonder whether the two parts of [ ST/ Tc ] * aren't 

really the same thing and we're just counting it twice. The purported difference 

between them, namely [ ST/ Tc ] . , refers to the metal's quasiparticle or elec

tronic temperature relative to its phonon temperature, and the phenomenologi

cal heating term refers to the difference between the bath temperature and the 

phonon temperature. By analogy one might say that the source of [ ST/ Te ] , is 

the thermal resistance between quasiparticles and phonons. 

3. CHANG AND SCALAFTNO 

The theory discussed up to this point assumes that the phonons within the 

material (not to be confused with the incident phonon radiation that is 

absorbed) are in equilibrium with some external heat reservoir at temperature 

T, and consequently, that the energy relaxation of the quasiparticles proceeds 

as if the entire system were in equilibrium. Chang and Scalapino (197? (CS)) 

have examined this assumption and found it to be a serious oversimplification. 

They looked at the coupled Boltzmann equations for both the nonequilibrium 

quasiparticles and the nonequilibrium phonons. The extra or nonequilibrium 

phonons arise from two sources: (i) the relaxation of excited quasiparticles pro

duces pbonons, and (ii) recombination of excited quasiparticles to form pairs 
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produces pbonons of large frequency 0, typically (] * 3a. These extra phonons 

would not present a problem if they escaped to the bath from the supercon

ducting film without having any other interaction with the quasiparticles. Real

istically, though, the phonon escape time, T„. is a considerable fraction of. or 

larger than, the pair breaking time, TS (Kaplan tt al.. 1976). Another point 

related to the recombination of excited quasiparticles is that on the average, 

the rate of said recombination is greater than the recombination rate of equili

brium quasiparticles. A typical excited recombination involves quasiparticles 

of energy o and (A+i/) * 2 a . yielding a 3o.-pb.onon. A typical equilibrium 

recombination involves 2 quasiparticles of energy A and a 24-phonon. Since 

the rate goes like the density of final states and the density of phonon states 

can be expected to behave like 0 2 , quasiparticle recombination is about twice 

as fast with pumping as it is without it. For sufficiently rapid escape, the overall 

quasiparticle density is reduced and this leads to an increase of A. And in some 

cases, about one-half of the enhancement may be attributed to this reduction. 

See Tig. 6. 

The results of Chang and Scalapino are very instructive, but only qualita

tive. They tell us that the phonon escape time, T „ / T B , is a significant parame

ter in the problem. The enhancement varies inversely with r„/-g. In this way 

it is like the previously discussed heating parameter [ ST/Tc \ . This is not 

surprising because [6T/ Ta ]* is proportional to Rg, and Rg can be thought of 

as arising from the difficulty which phonons encounter upon trying to go from 

the heated material to the bath. This so-called acoustic mismatch theory of RK 

(Little. 1959; Anderson, 1981) also has a place in theoretical calculations of T „ 

(Kaplan, 1979). Probably, Tm » 41/ c,T)„. where 1 is the thickness of the sample, 

c, is the speed of sound, and 

http://3o.-pb.onon
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Figure 6. The effect of the reduction of quasiparticle density on gap 
enhancement (from CS). Curves a and b are calculated using the heating 
parameter T „ / Tj = D.2 and 2.0 respectively. The primed curves are obtained 
by calculating the total quasiparticle density of the unprimed curved, finding 
the temperature which in equilibrium has the same quasiparticle density, and 
then computing the equilibrium gap for that temperature. Symbolically, A for 
the primed curve is 

r .„ n'( £•,&') _ r , r n'(EM) 
•>dE >?)*-&* _ J d E yCF=& 

Roughly half c* the total enhancement can be seen to result from the reduc
tion in quasiparticle density. The horizontal scale is in CS units, A. for conver
sion to B. see Appendix A. (77 T„ = 0.90, v/ T, =1.14) 
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_ numbrr of escapes across tht inter/act 
~ numbtr of assaults on tht inter/act 

One may try with some success to calculate rjm from the acoustic theory. What 

is unique about the CS analysis, and what is not predicted by the embeUisbed 

ILE theory, is that the enhancement has a maximum as a function of power. To 

put that into ILE would require an extra heating term proportional to the power 

squared ([ ST/ Tc ]*,»({v/ Te)B)*n2). so that 

[ ST/ Tz ]T = -BC(n) + B^-h + [ ST/ Te ]», 

may have a maximum, forcing the enhancement to roll over. The other result of 

CS, that the reduced quasiparticle density may be as important as the redistri

bution, is also difficult to model in the ILE framework. Thus CS suggest using 

caution when comparing any experimental results with ILE, and they provide 

two plausible mechanisms that maybe responsible for certain discrepancies. It 

may also be noted that because CS actually calculate the self-consistent solu

tion to the kinetic equations, their method may be used at temperatures far 

below that for which ILE is valid. 

4. TEMPERATURE DEPENDENT ILE? 

Although using the ILE theory does not give one a feeling of great security, 

it is the only analytic theory available. We might therefore try to buttress it up 

a bit by putting some reasonable temperature dependences into it. Beginning 

with the enhancement term -BG(u), the temperature dependence is hidden in 

Tg. which may be replaced by rB{ Tc) 1(7"/ Tc)~3. and in 1 / Te. which really came 

from 

[n(E-v)-n(E)] + [v - -u] a - 2 n V « - v/ZTc 

for E « A « T. Evaluating n' at A, we get 



25 

The heating term 

iST/Tc ]h=Bf-a.6B*Nj, jrBKl 

is more difficult to interpret. The second piece comes from the thermal boun

dary resistance between the AI film and the LKe bath. It is proportional to the 

total number of absorbed quanta, which at Tc is Ng, but which drops to 

tig 2(1 + *^r)~' (Tinkham, 1975) as the temperature falls. The Kapitza resis

tance j?jr has a 1 / 7 s dependence in the acoustic mismatch model and is known 

experimentally to have this behavior in many systems (Lounasmaa. 1974). It 

also makes sense to replace v/ Te by v/ T. Overall the second term undergoes 

the transformation 

where Rg on the right hand side is now taken to be the Kapitza resistance 

evaluated at 7* = Te. 

The instructions of ESSS with regard to the first term are that it should be 

interpreted as an internal thermal resistance between the quasiparticles and 

the lattice of the Al film. As such it is also proportional to the total number of 

absorbed phonons, and to elucidate its temperature dependence it is best to 

use the definition of B, 

s _ NRrs 

BN(fi)Tc ' 

Then, in the spirit of the previous replacements we obtain 
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0.68 —B-* 0.68 — B -

where all the temperature dependence on the right hand side is expressed 

explicitly. To within a factor {T/Tc)~l. the two parts of [6T/TC ]» have the 

same temperature dependence. Vfe write 

where H is calculable from material properties as discussed earlier. Later we 

will describe efforts to compare theory with experiment. We choose here to 

drop the extra factor of T/Tfl for two reasons: (1) over the range of 

T/ Te = 0.95 - 0.995. T/ r e

- 1 = 1.03 ± 25!. and to within the accuracy of this 

experiment, it may be taken as constant, and (2) it is stretching our faith in 

this analysis to say that we can distinguish the difference in the temperature 

dependence of these two terms. Since they are close, it is reasonable to say 

that they are equal. With this final approximation the heating term take the 

form 

[ S T / T ° ^ = tBhTT^WW • 
and we seek the fitting parameter h, which has its basis in the microscopic 

theory (ESSS) and phenomenological heating. 

The temperature dependent coefficients are listed in Table I for a range of 

temperatures relevant to the IL£ theory (A/ T « l ) and also for the lowest tem

peratures at which I made measurements. The trend of these coefficients is 

such that heating becomes relatively less important at lower temperatures, and 

the enhancement term more important. The variations are small however and 

will not permit us to say one or the other of the T-dependent or T-independent 

theories is correct. 
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Table I: Temperature Dependence of the Coefficients of ILE 
Reduced Enhancement Heating 

Temperature term term 

T/Tc A/7" 4e*"' 1 2 1 T/Tc A/7" 
(1 + t*"") 2 T/ Te* l + « * / r T/Tc* 

0.996 0.194 1.007 0.918 
0.993 0.258 1.012 0.937 
0.990 0.307 1.017 0.881 
0.9BS 0.378 1.025 0.862 
0.980 0.438 1.033 0.848 
0.970 0.533 1.049 0.828 
0.960 0.628 1.065 0.814 
0.950 0.703 1.081 0.803 
0.925 0.878 1.138 0.802 
0.900 1.031 1.181 0.801 
0.820 1.465 1.349 0.830 

5. CRITICAL CURRENTS 

While the ILE theory as presented predicts a gap enhancement during 

microwave or phonon irradiaton. most of the experiments have measured not A 

, but some quantity which depends on A. The most important such quantity is 

the critical current of a long, narrow, superconducting strip, as in the experi

ments of Klapwijk, van den Bergh and Mooij (1977). and of this thesis. If the 

cross sections of these strips are sufficiently small, 

thickness x width < (London length)1. 

then current flow is one-dimensional. In eo"-'';brium, GL-theory is often used to 

treat this situation where an extra term. ^-, is added to the usual self-
A* 

consistency equation to account for the energy of the supercurrent (Tinkham, 

1975; Skocpol. 1976). The maximum value of the supercurrent. j c , and the 

value of A at j,=jc may be calculated readily. Until 1980, all attempts at com-
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paring enhanced critical current measurements to ILE predictions were made 

by inferring changes in A from changes in j t via the equilibrium relationship. 

j t a 4 s for ,1/ r « l . Weiss (1981). E'ntin-Yohlman (1981). and Holzman (unpub

lished) pointed out that when the supercurrent energy term is included in the 

nonequilibrium GL equation, the critical current enhancement may be about 

10JS larger than would be otherwise anticipated. One way to understand this is 

to consider the gap enhancement of a superconductor at two different tem

peratures, with other conditions being left constant. The enhancement at the 

higher temperature (smaller gap) is greater (see Fig. 7). When measuring gap 

enhancement in a superconductor both with and without a supercurrent in it, 

the gap is smaller (by 2 /3 ) when there is a critical supercurrent. Consequently, 

on the basis oi the last observation we may expect the enhancement to be 

larger in critical current measurements than in current-free gap measure-

meats. 

Entin-YTohlman also pointed out that since the critical current depends on 

the distribution function at the gap edge, 

i , oA*( l -2n(A) ) . 

there is a correction to the equilibrium relationship from this too, and that this 

correction may also be about 107!. 

6. QUANTIFYING THE ENHANCEMENT 

It is now appropriate to comment about how these enhancements are 

presented. A logical f.rst choice might be something like 

. . Change in A 
enhancement = . 'hrr,—: . 

a in equilibrium 

or the analogous quantity for the critical current. An obvious problem arises 

when considering enhancements above 7*,, (Klapwijk. 1977; Kommers and Clarke, 



29 

BG(u) 

(t-l) 

XBL83I-5II4 

Figure 7. This figure is intended to illustrate why ic enhancements are 
predicted to be larger than gap enhancements. The line (a) finds the enhanced 
•u? - (A/i/) z when the bath temperature is such that u° - 1 (the y-intercept of 
(a) is t,_ — 1. The line (b) finds the enhanced ur 

u' = V2 / 3. Because G(u) is essentially 
ffS(")iu»,M573 > BG{u)\^, x ,. By a slight stretch of the imagination, the si
tuation » ' = V 2 / 3 may be understood to correspond to the case 11' = 1, i = i c . 

2 at a higher temperature 
monotonic decreasing. 
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1977), for which the denominator is zero. Once one has become familiar with 

ILE or ESSS, they realize -hat since the dimensions of the governing equation 

are reduced temperature, the enhancement should be expressed as such. That 

is, [ 6T/ Tt ]r represents the change in reduced temperature that, in equili

brium, would have resulted in the same change in A, or ic, that the radiation 

produced (Pig. 8). This quantity [ ST/ Tc IT which « negative if there is any 

enhancement is variously called the cooling or the gap control (see Appendix 

A). This convention makes comparison between ij and A measurements very 

simple, since the enhancements are expressed in the same dimensionless units 

and should be about equal. Typical values are [ST/TC ] a -0 .010 . Another 

advantage is that for T>Te, [6T/TC ] remains well defined. Furthermore, the 

cooling drops out of the theory quite naturally and is convenient to extract 

from the measured data. Finally, the cooling is predicted to have a much less 

pronounced temperature dependence then <5A/A, a fact which is also a virtue 

when it comes to presenting data. 
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Figure B. The cooling, what it is. 



CHAPTER 3 

EXPERIMENTAL METHOD 

1. MICROWAVE APPARATUS FOR GENERATION OF PHONONS 

Phonons for this experiment were produced by piezoelectric transduction 

of a bigb power microwave pulse. Tbe path frum ISO V. 60 Kz to 9 GHz 

ultrasound is shown schematically in Fig. 9. The klystron was a Varian Type X-

13 wbicb put out about 100 mW of continuous microwave power, tunable 

between 8 and 12 GHz. This power was transmitted via X-band waveguide to tbe 

inputs of a Raytheon Type QKW 1458 traveling wave tube (TWT). A 350 V positive 

pulse on the grid of tbe TWT yielded 1 kW pulses at the output, for 40 dB gain^l 

Schematics for the TWT electronics are shown in Fig. 10. The typical operating 

frequency and pulse duration were 9 GHz and 1 psec respectively, with a repeti

tion rate of 50 Hz. I monitored tbe TWT output power by using a directional 

coupler to tap off \7. of tbe forward power, attenuating the tapped-o<T part 

another 50 dB or so and then directing it to a diode detector. The diode was 

shunted with 50 I) and the resultant signal was viewed on an oscilloscope (Tek

tronix RM64? with Type Al preamplifier). The rectified signal at the oscilloscope 

input was about 8 mV at full power. While an averaging power meter might have 

done as well, the low repetition rate and high pulse power made it impossible to 

make reliable measurements this way, thus necessitating tbe pulse height mon

itoring just described. Located between the pulse height monitor and the TWT 

ouptut were two 20 dB calibrated variable attenuators (HP X375A). Microwave 

power and consequently phonon power were varied by means of these attenua

tors. The other obvious means of varying the power was to adjust the TWT 
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Figure 9. Schematic drawing o' the path from ac line current to 9 RHz 
phonons. Components within the datbed line are irnmened in LHe. xouaai-siti 
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Figure 10. Schematics of electronics for TWT amplifier. This equipment was designed and 
built by Robert Wilson and described in his Ph.D. thesis (Berkeley, 1980). There were some er
rors in the original drawings and some changes have been made to the circuit, so 1 include them 
with corrections here.(a). Low Voltage power supply, (b). Pulse generator, trigger for TWT, 



35 

; " E 

a 



38 

power supply voltage, but this proved to be slow, unreliable, and exasperating. 

After the pulse height monitor, the waveguide went through the wail of the 

screened room in which the experiments were performed. The #30 mesh copper 

shielding was necessary to eliminate noise rounding of the sharp nonlinearities 

of the superconducting devices being investigated. A major source of the elec

tromagnetic interference (EMI) was the switching transient of the pulsed TWT. 

Next there were more attenuators for convenient adjustment of the power while 

the operator was inside the screened room, and then another directional 

coupler to tap off -20 dfi of the power reflected from the end of the apparatus. 

Before entering the top plate of the experimental insert, the waveguide was 

vacuum sealed with an infrared filter. The filter prevented the waveguide from 

acting as a light pipe for room temperature radiation, and the seal was essen

tial for pumping the LHe bath down to temperatures in the range 1.0—1.5 K See 

Fig. 11. 

Copper waveguide extending from the room temperature top plate down 

into the LHe would have presented an enormous heat leak that could not have 

been tolerated. Most of the center length of the waveguide ( a 35 cm) was made 

of thin wall stainless steel and this reduced the heat leak to acceptable levels. 

The joints between each pair of waveguide sections on the insert were made 

with indium 0-rings and were superfluid leak tight. They showed excellent sta

bility upon thermal cycling. The need for sealing off the waveguide from the 

bath arose with the large microwave powers required in this experiment. The 

vapor pressure of helium is around 1 Torr at typical temperatures, and the 

strong electric fields of the microwave pulse can produce some kind of break 

down, or arcing, in the dilute vapor. When it arcs, one hears mechanical vibra

tions of the low temperature apparatus, presumably at the frequency of the 
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Figure 11. Reflected power monitor, screened room, and top of the low 
temperature insert, a: microwave diode detector, b: -20dB coupler, to direct 
power reflected from the cavity to the detector, c: room temperature 
waveguide seal and 1R filter, d: cryostat top plate, e: one of several superfluid 
seals. 
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pulse repetition rate, and the envelope of the reflected power, as viewed on the 

oscUioscope, is not square as it should be. By sealing off the room temperature 

end of the waveguide, the low temperature end just above the cavity and all the 

joints exposed to the vapor or the superfluid, the waveguide may be evacuated, 

and no arcing is then observed. The cavity itself is not sealed against the 

superfluid, but is completely immersed in and therefore full of the liquid, and 

dilute vapor should not be present. Indeed there is no arcing when the seals 

work. 

The final or cold waveguide seal must be microwave transparent, superleak 

tight, recyclable, and able to withstand a pressure difference of 1 atmosphere. 

A seal as shown in Fig. 12 will work. A blank X-band flange already soldered to 

the waveguide was faced-ofl on a lathe, and then a sharp cutting tool was used 

to produce a small groove between the waveguide cutout and the flange mount

ing holes. The groove was ~ 30 mils deep but that is not critical. It was neces

sary to remove all burrs, rough spots, and sharp corners from the waveguide, 

using emery paper, steel wool, or a small file. This was most important at the 

cut-out since one of the principal failure modes was tearing of the mylar at the 

lip of the waveguide cut-out. A piece of mylar 2 or 3 mils thick was sandblasted 

lightly on one face to roughen it and increase its adhesion to the epoxy. Prob

ably many different epoxies would have worked, but the only one I tried is 

Miller-Stephenson Chemical Co., Inc. Epoxy 907 adhesive. A small amount was 

applied, making a thin closed ring between the cut-out and the groove. The 

ring must be continuous in order to get a superfluid seal. The mylar was then 

placed in final position against the epoxy and flange, and the whole assembly 

was clamped together and baked according to the instructions. If the groove 

was deep enough to accomodate the epoxy as it squeezed out it was possible to 

separate the clamp from the flange. The seal was then examined, and if any 
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Figure 12. Exploded view uf superleak tight waveguide seal. 
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Assures could be seen in the glue I then found it worthwhile to tear it apart, 

clean all the surfaces, and start over. This type of seal worked quite well, and 

had the single disadvantage that since the mylar is porous to Ke gas at 300 K it 

may not be leak tight while warm. Of course it loses its porosity at LJV2 tem

perature. 

Continuing down the waveguide, we arrive finally at the end of the insert, 

which is a re-entrant microwave cavity with a cylindrical, single crystal, 

piezoelectric, quartz rod inserted into it. Shown in Fig. 13, the cavity may be 

tuned from 8-11 GHz by moving the tuning plunger in and out. The cavity may 

be thought of as an LC resonator, the capacitor being formed by the center 

plunger and the opposite wall, the L being a toroidal inductor. Moving the foil 

wall changes- the effective capacitance and consequently the resonant fre

quency. The quartz crystal rests in a region of strong RF electric fields, essen

tially perpendicular to its face. The quartz is an X-cut single crystal 31, 1.00" 

long and 4 mm in diameter. The end faces are polished fiat to % 50 nm (1/10 

wavelength of sodium light) and are cut parallel to 4" of arc, or so the manufac

turer claims. 

The piezoelectricity of an X-cut crystal is such that compressional 

ultrasound or longitudinal phonons are produced when an RF electric field is 

normal to its surface. The acoustic strain is proportional to the gradient of the 

acoustic stress, £ x d , a , where E is the electric field and d u = 2.3xl0~ 1 2 m V"1 is 

the appropriate piezoelectric constant (Landolt-Bornstein. 1969). As made 

clear by Jacobsen (I960), this gradient is greatest at the end face of the cry

stal. Ultrasound generated there will propagate along the rod with the speed of 

sound, c ( =6.0x10* cm/see,!') with very little attenuation at low temperatures. 

Phonons will arrive at the other end of the crystal (on which end the sample is 
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Figure 13. Cutaway view of reentrant cavity and coupling hole, (a), which 
may be thought of as an impedance transformer. The foil, (c), and attached 
pin, (b). may be moved along the crystal axis by a cam and spring. This varies 
the effective capacitance and, therefore, the cavity resonance. The sample is 
grown and deposited on the end of the crystal which is not within the cavity. 
The coupling hole is actually part of a separate diaphragm, (d), which lay on 
top of the cavity. 
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grown) 4.2 /*see after initiation of the microwave pulse. The pulse itself being 

* 1 fisec, the phortons arrive long after the microwaves have corns and gone. 

The approximate tra nsduction efficiency is 

V " **«. 2nvV 

where s M = S .7xi0 1 0 N m" s is the elastic constant (Landolt-Bornstein. 1969), 

K = 4.S is the dielt trie constant of quartz, and V is some effective volume 

approximately equal to A times the gap (0.3-0.5 mm) between the tuning stub 

and the opposite we. II of the cavity (Jacobsen. 1960). For a Q * 800. v = 9 GHz 

and ij = 6.9X10 - 3. According to Jacobsen (private communication), this n is typ

ically 3 to 4 times g eater than the measured transduction efficiency. The Q of 

the cavity ranged from 300-1200, depending on the frequency, the protrusion of 

the crystal into the cavity, the number of days the entire assembly had been 

cold, how tight the screws were holding the cavity together, and other factors. 

Somewhat better than average performance was achieved by painting the cry

stal entrance hole -vith silver paint after the crystal was mounted. A Q of 1000 

was a practical upper limit for these experiments because at full microwave 

power and at the highest Q, the cavity seemed to arc and thus was not useful in 

this range. The Q was measured by replacing the TWT with a sweep oscillator 

(HP 094A) and using a wavemeter to measure the dip in reflected power as the 

frequency swept over the cavity resonance. The depth of that dip indicated the 

fraction of incident power a tually absorbed in the cavity, / ( . The coupling 

hole (Fig. 13) was ainstakingly filed by hand to strike the best compromise 

bet-ween hicb Q (sm^ll hole, low losses) and high ft (large hole, ready entrance 

to the cavity). Typically, / i varied from 0.9-1.0, usually improving with time and 

application of high power pulses. The predominant loss m&i-hanisms were in the 

cavity walls, through the coupling hole, and at the joints between the cavity 
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parts. That it was not in the crystal entrance hole or by phonon generation is 

demonstrated by the fact that replacing the crystal with a copper rod diC not 

change the Q noticeably. The maximum Q » 1000 places an upper limit on the 

conversion efficiency, 17 < 0.001,' which is less than one might anticipate from 

the previous calculation of 17. We will use TJ = 5x10"* as the standard value. 

Alternatives to the chosen method were available. A number of materials 

would have yielded higher conversion efficiencies because of their higher 

piezoelectric constants. CdS and ZnO (dls = 14x10~ i a m—V) may be deposited 

as thin films. LiNb (dls = 71±3xlO~iZm—V~1) and tourmaline 

{ d w = 3 . 7 x l 0 ~ w vn—V~l)are crystals that may be obtained either at great 

expense as rods of the dimensions I used, or in smaller pieces which may be 

bonded to a Z-cut quartz delay line. I chose to avoid the technical challenges 

associated with these materials. Deposition of the thin film piezoelectries 

requires a dedicated fabrication facility, which was available at the Electronics 

Research Laboratory (ERL) in EECS at Berkeley. But the potential yield of a 

procedure requiring complex depositions on each end of a quartz rod was 

depressing to consider. The bonding procedure is tricky and unreliable, and 

although it is standard procedure in some types of experiments (Coleman. 

1974), I was not able to get it to work in about two weeks of effort. Relatively 

speaking, the X-cut quartz is cheap, easy and effective. 
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2. THE SAMPLES 

2.1. Material* 

There was really no choice at all about materials. High Tc superconduc

tors, like Nb, would show little response because of their very rhcr t relaxation 

time, Tj=18 ps. A low Tc superconductor like Zn {Tc = 0.38 K. T£=93 ns) would 

be inconvenient because of t h " difficulty of maintaining the sample or bath 

below Tc with a hea t load of 5C niW. Aluminum is therefore tbe only sensible 

choice, since i ts Te = 1.25 K for typical evaporated films makes the cryogenics 

trivial, and its long Tg (13 ns) ensures a large nonequilibrium effect. To see how 

large, we mus t estimate B=NgTs/8N(0)Te, which parametrizes the disequili

brium. Here, Ng is tbe number of phonons absorbed per unit volume per unit 

time for the metal in the normal s ta te . Consequently, what we need is tbe 

incident phonon flux and the normal state ultrasonic attenuation coefficient for 

longitudinal phonons. a,. The incident phonon flux is the available microwave 

power, Pjrr> times the conversion efficiency n * 10"*, divided by both the cross-

sectional a rea of the crystal, IT (0.2 cm) 8 , and the energy per phonon. In the 

limit tha t the product, qlt, of phor.on wavevector and electron mean free path 

is small compared to 1, Pippard (1955) tells us that 

a ( = ± ^ _ ( K ) 

where N is the free electron density, ma is the electron mass and p is the metal

lic density. At 9 GHz and using values from the s tandard table, we find ql, =0.66 

and ai =2.85xlO a c m - 1 . It is known (Lax, 1959 and Wang and McCarthy, 1969) 

that in pure "J samples, the measured ultrasonic attenuation is about 25% 

larger than Eq.(IX) would predict, when '.„ is obtained from conductivity data. 

Therefore, 
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Ng = phonon, ftuxxa^ 

* 1.9x Iti" phonons s tc" 1 em"' kWl, and 

B» 0.115 JfcJT1. 

Measurements of 4 enhancements require no more than a thin strip of the 

material described above, but measurements of gap enhancements require 

another flim The single particle tunneling characteristic of a superconductor-

insulator-superconductor (SIS) tunnel junction allows us to measure the gap of 

either junction film quite directly. If T made both films of identical AL then 

changes in the I-V induced by the phonons would be the net result of changes 

in each Wm. From the standpoint of analysis it is preferable to examine only 

one change at a time. Thus I sought a second film, or counterelectrode, which 

would be relatively inert with respect to the phonons. 

I found a solution to this in 02-doped Al. The oxygen-doping allows the TC 

to be raised above the 7"c of clean AL Typically we added 0 2 to the extent that 

the transition temperature was raised to Tc * 1.8 K It is common to refer to 

this doped Al as dirty, or granular AL The impurity scattering caused by the 

oxygen shortens the mean free path, I,, by almost two orders of magnitude. 

This was determined via a resistivity measurement and the known constancy of 

pi,. This reduces at by the ratio of the mean free paths and similarly reduces 

jVp (at constant phonon flux). Chi and Clarke (1979a) measured Tg for similar 

dirty films and found it reduced by 10 from that of the clean films, 3 times more 

reduction than one would expect from the 1 / T9 dependence of Tg. Although 

Chi and Clarke did not measured TE,#Ttll at the temperature of interest, we can 

be confident that it is less than Tg-Cim at these temperatures. The significance 

of this is simply that through B's linear dependence on Tg, the effect of the pho-
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nons on the dirty film is less than on the clean one. Furthermore. sirce the 

function £ ( u = A / v ) decreases with increasing u. at 1.2 K 6(11*^) * 0.2 and 

C(utUmK) % 2.0. Another way of saying the same thing is that the counterelec-

tode will be at much lower reduced temperature than the test film and there

fore will have fewer quasiparticles available to absorb phonons. Overall we may 

conclude that [ ST/ Te ]4Mt < 0.01 [ ST/ Tc ]cim*- Worth more than all of the 

above reasoning is the fact that on the one dirty sample on which I made criti

cal current enhancement measurements, the measured enhancement was 

»'1.5xl0~ s at T/Tt - 0.98, which is 30 times less than on clean strips at the 

same reduced temperature and comparable input power. 

The high Te of the counterelectrode has another valuable consequence. At 

1.2 K its reduced temperature is T/Te ** 0.67. In any real film, granularity, 

anisotropy and inhomogeneity of the material imply that a distribution of 7"c's 

must replace a single-valued Te. Via the temperature dependence of the gap, 

this distribution of Tc's rounds oft the singularity in the BCS density of states. 

This is known as gap smearing. Since it is the BCS singularity that gives rise to 

the sharp features in the I-V of an SIS junction, at low TV Tc. where the tem

perature dependence of the gap is small, the smearing will be small and the I-

V's are wonderfully sharp (witness all the equilibrium I-V's in this thesis), allow

ing precise location of the equilibrium gap and precise measurement of devia

tions from it. 

2.2. Layout of the Sample 

The samples for this experiment were generally composite structures con

sisting of an SIS tunnel junction and a narrow superconducting strip etched in 

the test film of the junction. Both of these were on the 4 mm diameter end face 

of a quartz rod 1" long. With the samples having this in common, we made two 
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varieties, shown in Fig. 14. 

The distinguishing feature of the wide samples was that the strip was out

side the junction area, but it was etched in the same test dim. and the junction 

was wide. Wide samples were made of both possible configurations: the test film 

being the lower film, and vie* versa. This precaution was taken against* the pos

sibility that observed differences in enhancement between strip and junction 

were the result of either different acoustic couplings or heating conditions. 

These might have arisen from the fact that the strip can be against both the 

crystal and the superfluid bath, whereas the test film of the junction cannot be 

in contact with both of these. I observed no differences between these two 

configurations and will not make any further distinction between them. 

In narrow samples, the strip and test film of the junction were the same 

(see Fig. 14b). The junction is 10 fan wide and 300 fan long. Since it was so 

narrow, 4 measurements could be made in the test film of the junction. Be 

reminded that It refers to the critical pair-breaking current of the strip and 

not to a Josephson-like current in the junction. This kind of sample is truly 

ideal, because whatever parameters govern the enhancement (rg.Ng. beating, 

ate), they must be the same for both measurements and thus a very direct 

comparison between the two is permitted. All narrow samples were made with 

the counterelectrode in contact with the crystal 

2J3. Substrate Preparation 

Preliminary to making anything on the quartz rods, I made many junctions 

and strips on glass slides in order to test and become familiar with the fabrica

tion procedure while avoiding the extra care needed for handling the crystals. 

Both the slides and the crystals were prepared in the same way. Using rubber 

gloves at all times, I washed the substrate in Labtone and water, patiently and 
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Figure 14. Two types of composite samples, a: Wide junction with nearby strip, b: Narrow 
junction in which clean film is also the strip. 

£ 
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gently rubbing the crystal surface with a Q-tip. This step removed any grease 

that might have prevented adhesion of the evaporated films. Next I rinsed the 

soapy water oil my gloves and then began to rinse it off the substrate, again 

using a clean wet Q-tip to brush the surface. I repeated this and then squirted 

a large amount of distilled water over the clean substrate . Ths distilled water 

washed away any particulates left by the industrial water of LeConte HalL Then 

I used bottled JVg to blow dry the sample, talcing care not to blow water from the 

wet gloves all over the newly clean substrate. I cleaned the substrates 'n the 

final step prior to beginning the evaporation. Dust is omnipresent in LeConte 

and it will certainly short out any junctions if given the chance. This is also the 

principal reason for the final rinse in distilled water. One can be certain that 

one hasn't cleaned well enough when films peel oft and particulates puncture 

the junction. A bright light at an oblique angle will make both water spots and 

particulates visible. Visual inspections of this kind saved a lot of time. 

The only subtle point about preparation concerned the photolithography. 

In order to get fine line widths and sharp edges, it is essential that the sub

strate be in intimate contact with the photographic plate that is the mask 

defining the line. Alignment of a pattern already on the substrate and the mask 

is accomplished when the two are just out of intimate contact and may be 

moved with respect to one another. The quartz rods have microscopic burrs on 

their edges which are big enough to scrape the image off the mask, even when 

crystal ana mask are not in contact. Removing these burrs with a light 

chamferring made the difference between a high rate of success and failure. 

2.4. Evaporations and Oxidations 

The films were deposited using standard evaporation techniques and aper

ture masks. Usually the first film was the dirty Al counterelectrode. After 
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pumping the evaporator down below 10* 4 Ton -, a micrometer needle valve con

necting an oxygen bottle to the vacuum space was opened, and sufficient flow 

was established to reach 10~* Torr. The evaporation was done at about 20-25 

Angstroms/sec. Consistent dirtiness may be characterized by the resistivity, 

the Tm. and the reflectivity of the film as seen by the naked eye. As the film got 

more doped up, it looked increasingly less metallic and more black, rough, and 

non-reflective. If sufficient oxygen is added, the resistivity may be increased to 

several hundred Q-cm and the transition temperature may be pushed above 2 K 

(Deutscher tr al.. 1973, Chi and Clarke, 1979a). Another more subjective test of 

02~doping is how easily an oxide is grown on it. Cn clean Al, an oxide suitable 

for making high quality tunnel junctions may be grown in air in a tew minutes. 

On dirty Al of this kind, an oxide is more difficult to obtain. The oxide must pro

vide a junction resistance small compared to 50 Q and yet large enough not to 

be prone to superconducting shorts. In order to operate within these limits one 

must attain reproducibility in the oxidation procedure, which as we have seen is 

linked to the doping of the first film. 

Consistent doping may be achieved if the following precautions are taken. 

First, one must always use the same 02 pressure in the chamber. Since the 

vacuum gauges are notoriously variable over a period of months, this constancy 

of pressure is most easily achieved by regulating the 0 2 pressure on the high 

side of the valve (at say 10 lbs), and by setting the micrometer needle valve to 

the same point every time. Second, one must be able to see the aluminum melt 

and evaporate in order to provide human feedback to the current through the 

evaporation boat. Third, in order to get the Al to wet the boat and to produce 

an even evaporation rate, one must apply much more heat than one would think 

was necessary. Practically, this means using 60-100 A until the Al gets soft and 

sags under its own weight into the boat. Then, applying a little more current 
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will produce rapid melting, wetting of the surface, swirling in the boat as a 

result of eddy currents, and evaporation at more than 10 nm/s*c. Finally, tura 

the heat down, monitoring the decrease in rate until it is about 2.0-2.5 nm/sec. 

It is typical that the pressure will drop in the bell jar from 10"* to 3xl0" 5 Torr 

during the evaporation. This recipe will yield 0j-dop«d Al of Tc * L8 Jf, with 

resistivities of 30—100 Il-cm; it will be reflecting but somewhat brown and not 

as shiny as the clean material Using a new, tungsten filament, spiral boat 

every time is essential, as is using enough Al, so that the rale doesn't drop 

before enough material has been deposited. In my experiments I used a 100 nm 

counterelectrode. 

The four masks used are shown in Fig. IS. Mask: I was used for the coun

terelectrode: it is just a 1/32" strip running across the center of the crystal 

face. The masks were designed so that up to 4 crystals could be prepared 

simultaneously, or so that 4 junctions could be made on a single glass slide, as 

in Fig. 16. Masks II and HI allowed the mutually perpendicular sides of an insu

lating SiO window to be deposited over the first strip. After oxidation, Mask IV 

made the cross strip centered over the window, thereby completing the junc

tion. 

The two SiO evaporations were fairly trivial; SSnm of SiO, deposited at 1 

nm/sec gave consistently insulating windows. The only problem was with SiO 

molecules bouncing into the junction region, reducing its effective area and 

producing much too high a resistance. This occurred when the mask and sub

strate were not in good contact, as in Fig. 17. It is vitally important to make 

sure that this doesn't happen. 

The next step was oxidation of the first metallic layer. Daily and seasonal 

variations in humidity and temperature do not permit consistent thermal oxida-
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Figure 15. The four masks used in sample fabrication. 
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Figure 16. Four junctions pre
pared on a glass slide using 
the masks of Fig. 15 and the 
procedure in the text. 
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Figure 17. Origins of SiO creep. A small space between the crystal surface 
and the dperture mask defining the junction may allow hot SiO molecules to 
bounce into the junction area, thereby reducing its area. Molecule A sticks on 
impact. Molecule B bounces off its targeted area and eventually lands whare 
the junction is supposed to be. 
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tion of Al in the open air of the laboratory. It is easy to grow an oxide on Al in 

the open air. but difficult, as the weather changes, to grow the desired one 

without considerable trial and eCort. In pursuit of a weather resistant oxida

tion procedure, I began to oxidize the counterelectrode "without breaking 

vacuum." Rather than open the bell jar to the atmosphere, I admitted a fixed 

pressure of bottled Oz, and then pumped it out for the final clean Al evapora

tion. The conditions were 150 Torr for a period of 10 minutes up to a couple of 

hours, depending on the desired junction specific resistance. I believe that the 

pressure was not relevant, although I kept it at that value in all of my oxida

tions, and that even with much less 0Z, the oxidation would have proceeded at 

nearly the same rate. The small leaks to the atmosphere that prevent a typical 

evaporation set-up from achieving pressures below 10"7 Torr admit the consti

tuents of air to the bell jar at all times. It is for this reason that one can oxi

dize an Al film in vacuum. 

The final step in the evaporation was the deposition of the clean Al test 

film. Maintaining the chamber pressure below 4xl0~ < Torr and depositing at 

rates greater than 5 nm/sec produced films of Tc

 a 1.25 K and electron mean 

free path 2, si 70 nm. As in the procedure for the dirty films, it is imperative 

that one be able to see the material as it begins its melting. Only 40 A of 

current to the filament is required for the initial heating, with more once the 

evaporation begins. 

Thus one fabricates an Al-AIOx-Al tunnel junction, consisting of two 1/32" 

Al strips, masked off at the* ..it of crossing to give a junction area of 

( a 300 /i77i)2. Before wasting any time with the photolithography, the junctions 

and strip resistivities were checked with a low power ohmmeter 
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2.5. Photolithographic Step* 

The 10 fim wide strip for cr :ea! current determination was etched out of 

the wide, clean strip using photolithographic means. The narrow line width is 

easy to achieve with the machinery at ERL. In outline, the procedure for mak

ing this narrow line is given below: 

(1) Use compressed air to blow the sample clean. 

(2) Spin on Shipley 1350J photoresist (diluted 1:1) at 5000 rpm for 30 seconds. 

(3) Bake the coated substrate at SS K for 25 minutes. 

(4) Blow the sample clean. 

(5) Using the Kasper Contact Aligner, orient the photomask and substrate with 

respect to one another. For wide samples, orient the 10 pm line on the 

clean strip but away from the SiO and junction area. For narrow samples, 

orient the line in the junction area. Special photomasks were made for the 

narrow samples so that the strip length exactly equalled the junction 

width. After alignment, expose the photoresist 

(6) Develop in Shipley AZ Developer, diluted 1:1 with water. Exposure -should 

be long enough to give a well defined image in less than 60 seconds, but 

short enough so that 60 seconds is required for full development. Any 

other exposure length gives results that are very susceptible to human 

error. Development is terminated by rinsing in water. 

(7) Etch the developed sample in Aluminum Etchant. which is probably mostly 

phosphoric acid. The process may be inspected with the naked eye while 

the sample is in the etchant, or it may be checked by rinsing with water, 

allowing inspection under a microscope. Etching 100 nm of clean Al nor

mally takes 2-5 minutes. The same thickness of dirty Al seems to take 
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somewhat longer. 

(B) Soak the etched samples in clean acetone to remove the photoresist. 

(9) Rinse in distilled water and blow dry. 

(10) In narrow samplrs, if the finished junction/strip shows cloudy areas of 

dirty Al inside the masked off area (Fig. 16), then that is probably evidence 

of SiO creep and the effective junction area may be correspondingly 

smaller than it appears to be. 

(11) Before wasting any time mounting and/or testing the sample, junction and 

strip resistances should be checked with a low power ohmmei.. 

The real difficulties with this procedure are hidden in step (5). The 1" 

quartz crystal is longer than the distance between the plane that holds the sub

strate and the plane of the photomask surface. This is not surprising since the 

Kasper was designed for thin, silicon wafers. The problem could be circum

vented only by raising the plane of the photor.ask, reversibly, without altering 

the Xasper. This was accomplished by suspending the mask higher in the 

Kasper's optical path than it is normally (Fig. 19). The other difficulties were 

also associated with how to handle a rod-like substrate with equipment 

designed for -raters. After having reduced those problems to a minimum, the 

photolithographic steps were quite standard and easy. 

3.6. Mounting and Alignment 

After satisfying myself that the finished junction and strip were worth 

investigating further, I attached it to the probe, electrically and mechanically. 

F- r wide samples I attached 5 leads, and 6 leads for narrow ones, as in Fig. 30. 

In this way four terminal I-V measurements could be made on either of the 

strips or the junction. The leads were #38 or #3S copper wire, tinned with 
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CLEAN Al 

XBL83I-5I26 

Figure IB. Narrow junction, (a), showing evidence of SiO creep. The shady 
region, (b). inside the SiO window results from SiO that bounces into the win
dow, covers the Al underlayer, and then prevents the etchant from attacking 
the the Al. In this figure the effective junction area is reduced 15-20%. 
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Figure 19. This is an edge-on view of the Kasper Contact Mask Aligner used to expose pho

toresist patterns on the end of a 1" quartz rod. Also shown are some accessories used to cir
cumvent the limitations of the machine. A special mask, a, is suspended above the usual plnne, 
e, by a mask holder, b, attached with screws, c, to the Kasper mask holder, d. A jig. f, fur holding 
the cryslal is held in place against the substrate table by vacuum supplied by Ihe Kasper. The 
O-ring. g, and mylar seal, h. aid in that sealing process. 
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Figure 20. Arrangement of 4-terminal measurements of 1-V characteristics 
of junctions (a,c) and strips (b,d) for wide (a,b) and narrow (c,d) samples. 
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solder and coated with indium just prior to attachment. This attachment to the 

films was made with indium pads pressed onto the film, followed by similar 

pressing of the lead onto the pad, and finished with a second indium pad 

pressed onto the first. This was performed under magnifying lenses using 

tweezers and a teflon 'pencil' to squeeze the pieces together. I rarely had a 

lead come off on the first cool-down, but occasionally one would come off on a 

later cool-down after thermally cycling it. Hence, the experimenter must check 

these connections assiduously. Once electrically connected, the crystal was 

inserted into the cavity (sample end out, of course). The probe was attached to 

the microwave sweep oscillator while still at room temperature. The cavity 

resonance was monitored and the crystal moved in or out until the desired fre

quency was obtained. A spring clamp was tightened against the rod and the 

narrow annulus between crystal and cavity was closed with silver paint, com

pleting the mounting process. The cavity was tunable over nearly 2 GHz, but 

this preliminary alignment served to ensure that the desired TWT frequency was 

within that tuning range. Also, at the low end of the range, the resonant fre

quency was least susceptible to changes resulting from vibrations or other 

motions or just plain drift. With a Q near 1000, eliminating such susceptibilities 

was very desirable, so the preliminary alignment served to place the desired 

TWT operating frequency as near as possible to the low end of the range. 

3. OBSERVATION AND DETECTION OF ENHANCEMENT 

3.1. Junctions 

Wide and narrow samples were measured in the same way. Unless a specific 

distinction is made, all the details of this section refer to both types. 
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3.1.1. Determination of Equilibrium Properties of Junctions 

The equilibrium value of the gap. A, was measured using a 4-terminal meas

urement of the most standard sort, as shown in Fig. 20. The junctions were 

always current biased. The current through a series resistor was monitored 

with one PAR 113, while the voltage across the junction was monitored with 

another. For quick measurements, I used a low frequency oscillator to sweep 

the current and I monitored the I-V on an oscilloscope. For more permanent 

and easy-to-read records, and also for the nonequilibriuni measurements, it was 

necessary to use a batteiy operated dc source, whose output could be swept 

either slowly by band or with a motor driven potentiometer: the I-V was 

recorded on an X-Y recorder. Using the cusp at the difference of the gaps and 

the step at the sum of the gaps, one could determine A for each Sim. 

The bath temperature was regulated by means of an ac resistance bridge 

providing feedback current to a heater immersed in the helium. The bath tem

perature was measured by using that same bridge to determine the resistance 

of a carbon resistance thermometer calibrated against a germanium standard. 

Regulation was better than 0.1 mK, but absolute accuracy was only within a few 

mK. An early cause celebre of enhancement experiments was the issue of the 

shielding of the thermometers from the microwave sources. In particular, if the 

resistance of a carbon thermometer without microwaves at a given temperature 

was the same as the resistance of the thermometer with microwaves at a lower 

temperature, then the bridge/heater circuit will cause the bath temperature to 

drop when microwaves are applied and the measured superconducting energy 

gap will increase. The naive observer will then deduce incorrectly that the 

influence of microwaves on a superconductor is to increase its gap, or critical 

current if that's what one is measuring. Because of the very low duty factor of 
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the perturbation in this experiment, it is possible to measure the equilibrium I-

V even with the perturbation on, and then to compare it inth the equilibrium I-V 

-without the perturbation. Upon doing this, one finds that the I-V's are identical 

and therefore that the bath temperature is not changed by some interaction of 

the microwaves (or phonons!) with the thermometer. 

After having determined A (for the test film only) and T, one plots S? vs. T. 

which is linear near Tc. according to Ginsburg-Landau theory, 

Without resorting to derivative techniques to resolve the cusp and the step, I 

could usually measure A's as low as 10peV, which means T/Tc si 0.999 and 

2A <hi/. The extrapolation to Tc was quite straightforward. After determining 

this, the slope could be compared with the GL or BC3 prediction: agreement to 

within a couple of percent was always found. Predictions of BCS or extensions 

of GL down to temperatures as low as T/ Te

 a 0.82 agreed with measurements of 

t? vs. T using Te as the only parameter. Also on the subject of Tc "s. the transi

tion temperature of the counterelectrode was determined roughly by measur

ing its A/ T for some T at which both films were superconducting, and finding 

its TV Tc from tables. 

A feature of SIS junctions that Is sometimes used to characterize their 

idealness is bow close the I-V approaches the origin as the current is swept 

towards zero. Any deviation from zero may be regarded as a superconducting 

short in parallel It is easy to misinterpret the effect of such shorts if one is 

concerned with Josephson phenomena. In this experiment I wasn't looking at 

Josephson phenomena, but there was no shorting either. In other words, these 

were extremely high quality SIS junctions, with razor sharp features at all but 
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the highest temperatures . 

3.1.2. Measurement of Nonequilibrium Effects in Junctions 

As in the equilibrium measurements, detection of nonequilibrium effects 

was effected by the junction being cur rent biased. Under these conditions the 

response produced by the pulsed perturbation was a pulsed change in voltage 

across the junction. One might conceivably measure the nonequilibrium 1-V by 

using a suitably wideband dc amplifier to measure the voltage during the per

turbation, bu t one loses sensitivity that way. More sensitivity is achieved by 

using an ac-coupled amplifier and by measuring first the change in voltage. A/ . 

due to the phonons. The ac-amplifier 1 used was a B&H Products AC3020LN, 

which provided 30 dB power gain from about 10 kHz to 1.3 GHz with a noise 

figure of 1.2 dB. It had 50 CI input and outputs. Needless to say, net all that 

bandwidth was needed for this experiment; so the output was shunted with a 

0.001 lit capacitor, roiling off the wideband noise at about 3 MHz, which allowed 

for 100 ns resolution of the leading and trailing edge of the change signal. The 

leads on the probe were only twisted pairs, yet they possessed plenty of 

bandwidth for the task. Following the preamplifier was a PAR 115, operated on 

its 50 Q input with a voltage gain of 10. Next came the input of a Tektronix 

RM647 oscilloscope, using a 10A2 plug-in which has a lOx output, but which is 

actually about 11 or 12 (see Fig. SI). Calibrated as a string from low noise input 

to final oscilloscope output, these amplifiers provided an overall gain of 

3100*13 . 

It will be useful to digress for a moment and describe the change signal so 

that the purpose of the detection electronics yet to be described can be under

stood. The oscilloscope was triggered a microsecond or so before the 

microwave pulse. The output of the amplifiers is zero until tha t time, which is 
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essentially the moment the microwaves arrive at the junction. The effect of a 

600 If pulse on the Al films is dramatic. Admittedly, the pulse is not well coupled 

to.the films, the energy being absorbed mostly in the cavity, and the films being 

outside it. Nevertheless, the films see it, they absorb it, and they get hot. or at 

least their quasipartide distributions are effected. Consider such an effect on 

the junction whose I-V is shown by the solid line in Fig. 22. If the pulse is 

intense enough, then for its 1 usee duration the films will be normal and its I-V 

(if one could record it in a microsecond) would be the dashed line. Biased let's 

say at 500 fiA, the amplifier string would see a negative going pulse of about 

BO fiV, and via its 3100 gain would try to produce a 250 mV output. The pho-

nons, when they arrive 4.2 usee later will produce a 4 V of the order of 2 fiV and 

consequently about 6 mV at the output of the amplifiers. After amplification, 

the signals are fed into a PAR 182 Boxcar Integrator with a PAK 165 plug-in 

whose input range may be varied from ±50 mV full scale to ±5 V. In order not 

to overload the boxcar with the microwave change signal and yet to retain ade

quate sensitivity for measuring the pbocon change signal, the microwave part 

bad to be clipped or attenuated. The only effective means of doing this was to 

use an FET switch to short the amplifier output just while the microwaves were 

on. The schematic for this is shown in Fig. 23, and it worked. 

The amplified change signal, with microwave component excisee'., was fed 

into the boxcar and averaged there, yielding a dc signal level proportional to 

the change signal at the time of the boxcar's sampling window. Whatever the 

boxcar input range (in volts), its full scale output is ±10 V, so the system gain 

up to this point is 

3 1 0 0 x f e ™V . 
mput range 

With the window at some fixed time, in the middle of the phonon change signal 
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Figure 28. Representative I-V of junction at 77 Tc = 0.9B. Dashed line is meant to represent 
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Figure 23. Schematic for FET switch used to isolate the amplifiers from A V 
due to the microwaves. 
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for instance, one could sweep the bias current slowly enough to give the boxcar 

time to integrate, and plot 1 vs. AK overlayed on I vs. V^, as in Fig. 24a. The 

horizontal scales are made different for purposes of resolution. The point is to 

display how the changes i V are correlated with the features of the equilibrium 

I-V. 

The nonequilibrium I-V is the sum of the two curves just described. That is, 

the full nonequilibrium V, at bias current I, is th sum of the eq-iili'.rmm V and 

the change AV induced by the perturbation. Thus the nonequilibrium 1-V is 

obtained by adding A7 and the equilibrium V, at of course ' l e sarr= bias 

current. This may be performed in one's head, by hand, or even digitally. I 

chose to do using a summing amplifier to add the output of the boxcar (AK) and 

the output of the dc ampifler that make the equilibrium volt; ge measurements 

(see Fig. 21). It is possible to get the equilibrium V from the dc amplifier even 

when the perturbation is on because of the low freque- iies. relative to the 

pulse width, at which one may roll ofl the response o' .he PAR 113, and also 

because of the very low duty factor at which the experment was run. The X-Y 

recorder was used to plot I vs. " ju tpu t of the summing amplifier," or what I 

called the reconstructed I-V. Fig. 24b is an example _>f a typical reconstructed 

1-V, superimposed on its equilibrium 1-V. By viewing che data this way one gets a 

very clear understanding of the changes produced by the phonons. 

Thus we have seen three methods of recording the change signal &V: exa

mining the real time record on the oscilloscope, plotting I vs. 4 7 on the X-Y 

recorder, and also plotting I vz. V^,,. In addition I sometimes swept the boxcar 

window and used the chart recorder to get x hardcopy of AK vs. time. Another 

method I used extensively was to measure the boxcar output with a baUery 

operated Fluke voltmeter. Model 8020B. This was useful when all I wanted to 
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record was A7 at a given bias current , temperature, and Input power. Tin d.r' 

tal output is much easier to read than the analog meter on the f ac ; of the be. 

car. Digital circuit* have their own problems with sensitive irps.son.-.:;. ;;-•>-.'._ 

measurements. A line-powered DVM. plugged in and turned on but net coi; 

nected to anything, would introduce enough high frequency noise to rnaks 

measurements impossible, increasing background noise on the oscilloscope 

trace to unacceptable levels. Even the handheld DVM had to be kept away from 

the current and voltage leads. 

General debugging and surveying of the experimental situation was aided 

greatly by being able l j see the change signal on the oscilloscope. With the 

bandwidth limited to 3 MKz, the amplifiers will yield a background of 5 mV EMS. 

or 1.6 /j,V RMS referred to the input. Without averaging, 1 (iV or so represents 

the limiting change signal one might be able to see on the oscilloscope. Ardu

ous experimenting with cabling was the only route to eliminating additional 

sources of noise tha t would have made life in the screened room that much 

more difficult. Beth the current and dc-voltage leads were twisted pairs of 50 0 

coax. The connection to the single-ended low noise ac-preamplifier was made 

via another coax, this one covered with an extra braided shield. Ground had to 

be established at the cryostat with the heaviest grounding strap 1 could arrange 

to use. The signal levels across the series resistor in the current source were 

large enough for direct measurement with the X-Y recorder, but unless that 

signal was buffered first (with a PAR 113) I couldn't do the reconstruction. 

3.3. Strips 

The two sample configurations called for slightly different wiring of the 

strips for ic measurements, as shown La Fig. 20b,d. In both cases they were 4-

terminal measurements that were identical except for the placement of one 
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voltage lead. 

3 2 . 1 . Determination of Equilibrium Properties of Strips 

Equilibrium characterization of the superconducting strips was made by 

compering the magnitude and temperature-dependence of the critical current 

with predictions of the GL theory. Unfortunately this is a more subjective task 

than in the A-case. GL theory for strips (Tinkbam, 1975; Skocpol, 1976: 

Klapwijk, 1977) describes the critical current in terms of material parameters 

like the resistivity in the normal state, thermodynamic critical field HC(Q), and 

coherence length f„, and the London penetration depth Aj; 

H.(0) i " z 

Thus, one has to rely on previously measured values of the last three, and on 

geometrical measurements of the sample in question, to determine the first (to 

get the mean free path, I,). To further complicate matters, the validity of the 

one-dimensional approximation will certainly fail a t lower reduced tempera

tures, and t h e current distribution will cease to be uniform; then, jne of the 

few things one Cjin be sure will happen is that the critical current will fall below 

the GL prediction. This contrasts with measurements of the gap, where the only 

parameter one needs to know is TB, and then the junction acts like a thermome

ter at all temperatures, at least for weak coupling superconductors like alumi

num. 

One needs to know how close to ideal is the material in the superconduct

ing strip, in order that there be some basis for comparison of nonequilibrium 

measurements to nonequilibrium theory, which uses as a starting point an ideal 

superconductor in equilibrium. Not being able to make this comparison as well 

as one would hope, one does the best one can. That is, given ti uncertainties 
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or the relevant quantities, can one be confident that the strip is behaving 

nearly ideally? 

The quantities one has to measure are the strip Tc, resistivity, length, and 

cross-sectional area. Near Tc. i c

V 3 = T ( l - T / Tc). where F is a constant that 

comes from the theory. The usual procedure is to plot i c

z / s vs. T and extrapo

late the line to zero r-̂  -rent. The T intercept is Te. and the slope tells one what 

fraction of the ideal current one has. As in equilibrium junction measurements. 

a low frequency oscillator was used to sweep the current and the complete I-V 

was viewed on an oscilloscope. One was always able to measure a critical 

current up to temperatures such that î  « 3 0 ^ 4 . and often up to i,. a 1 uA. 

Thus the extrapolation to Tc was only a couple of millikelvins. The oft-

mentioned tails of i c

2 / s vs. T were neither observed nor of concern (Falco. 

Werner and Schuller, 1980). 

The resistance measurements at room temperature and just above 7̂  were 

easy enough to determine within a few percent, but extracting the resistivity 

required knowing the length and cross-sectional area. The length of several 

hundred micrometers was always determined visually using a calibrated grating 

under a microscope. The grating divisions were 12.5 jun apart so realistically 

one could say that the length was known to 1-2%. Thickness was usually deter

mined by a crystal film thickness monitor used during the evaporation pro

cedure. This had been calibrated against a Dektak film thickness measuring 

instrumpnt. Occasionally, consistency checks were made and the results were 

positive. <105J deviation. Thickness thus measured does not concern itself with 

electrical properties, only mechanical ones; thus it leaves room for errors in 

the resistivity calculations because it is possible that portions of the film are 

not electrically active, e.g. the upper 5 nm of the film may become oxidized and 
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non-conductive. The film width was predetermined by a photomask whose 

dimensions were set microscopically and then reduced precisely. Nevertheless, 

variations in photolithographic procedure produced width variations which 

could easily have been 20%. The film width was measured visually, using a grati

cule under a light microscope. Given the 12.5 jim grating spacing, the measure

ment of lines 3-10 jjjn wide consisted of nothing more than an acknowledgement 

tha t they were close to what they should have been. To the accuracy of the 

measurement the lines were sharp, but their electrical dimensions may have 

been somewhat less than they appeared to be. The resistivity extracted from 

the resistance using these geometrical dimensions yielded a f that was con

sistently about 30% larger than the measured value. For the very narrowest 

lines (3 /xm) the discrepancy was as much as 60%. Considering the accuracy of 

the measurements and their implicit limitations, this is very good agreement-

One worries that the strip is not in fact an homogeneous superconductor, but 

instead some kind of weak link. In tha t case the %.-enhancement is not neces

sarily due to A-enhancement (Hunt and Mercereau, 1967; Lindelof, 1976) and 

the ILE theory is not directly applicable. On the basis of the consistency of the 

ratio.of predicted to measured rva lues , I am confident that i 0 was determined 

by the behavior of the film overall and not by some constriction in it. Another 

approach to calculating the film resistivity and i,. is to assume that the room 

temperature resistivity of the film is the phonon-limited handbook value, 

2.72 ^fl-cm (Fickett, 1971). Then, using the measured length, extract the 

eflective film area, and from RfaT- S e t P a n d then T. With this method, the 

measured T's are only a few percent below the the calculated ones. Using 

either method, I believe there is satisfactory agreement to convince ourselves 

that sufficiently close to Tz the superconducting strip is behaving idealiy. 
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3.2.2. Nonequilibrium Measurements of Strips 

Unlike equilibrium measurements, it is impossible to observe i , enhance

ment using an audio oscillator as a swept curre. i t source. The pbonon experi

ments of TredweU and Jacobsen {1975 and 1976) employed a method whereby 

the week-link was dc-biased at some cur ren t greater than the critical cur ren t 

in equilibrium, i >iz. Fig. 25. Upon arrival of the phonons. the weak-link 

switched to a zero-voltage s ta te and produced a large negative-going voltage 

pulse. The largest cur ren t at which this switching occurred was identified as 

the enhanced critical current , i,.". This method was also of no use in my experi

ments. They both fail because the primary pulse drives the strip normal, and 

hysteresis won't permit it to re tu rn to the zero-voltage state until the cur rent 

is re turned to some very low value, for example, zero (Pals and Dobben, 1979). 

To avoid the hysteresis problem, I kept the current turned off until the phonons 

were on the sample. Then, once an enhanced state had been reached, I injected 

a short, square current pulse, increasing its magnitude with each successive 

firing of the TWT until I detected a voltage across the strip. I identified that 

threshold cur ren t as % '. I used this same technique to examine the equili

brium critical current and found that it agreed with the dc measurements. 

Fig. 28 is a pulse timing diagram, indicating the strip's response for a 

variety of pulse heights, arrival times, and durations. It was necessary to keep 

the pulse short so that it was ofl before the phonons turned off; otherwise, for 

currents ic° <i <ie'. I detected a pulse that was zero while the phonons were 

on, but finite for that part of the current pulse following the end of the pho

nons. In the phonon intensity diagram, the second and third pulses signify 

echoes of the first phonon pulse. Most of that pulse is reflected at t i e quartz-

Al-Ke interface, travels back down along the crystal, is reflected at its other 

http://curre.it
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Figure 35. Representation of the method used by Tredwell and Jacobsen 
(1975 and 1976) to observe Josephson-like critical current enhancement. 
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Figure 26. Pulse timing diagram for nonequilibrium critical current meas
urements. The current pulse, XL, is less than the equilibrium critical current, 
i c ° , but since a. occurs when the microwaves are on and ic is suppressed, there 
is a voltage across the str. :p. The pulses. h. -£.. all satisfy the inequality 
ic° <i <ic'. Vhe pulse. A, is entirely within the duration of the phonon pulse 
so V, = 0, except for some switching transients. The pulse, £., is identical to A, 
except that the phonons are off during SL. SO V„ > 0. The pulse, d., begins once 
the phonons are on, V, = 0, and continues until after they are off, Vs > 0. The 
last pulse shown, £., begins before the phonons turn on, so due to hysteresis, 
V, > 0 for the duration o f i . 
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end. and re tu rns back towards the Al, repeating this sequence until all the 

energy is absorbed, transmitted, or scat tered away. No systematic study of the 

intensity of the echoes was undertaken. For the purpose of illustration in the 

figure they are shown to be nearly equal. One couid also see the echoes pro

ducing a &V in the junction measurements. Under certain conditons the train 

of AI^s could be quite long, showing as many as 17 echoes. 

The electronics set-up for pulsed i^ measurements is shown in Fig. 27. The 

preamplifier ( the same one used for A measurements) is single-ended and its 

use as a threshold voltage detector necessitated using a floating pulsed current 

source. For this I used a Chronetics Type PG-10 pulse generator, floated with 

an isolation transformer between it and the power line. A TYavetek 5080 1 

dB/step a t tenuator was used to set the current range and obtain maxiumum, 

sensitivity with the output potentiometer on the pulse generator. The pulse was 

rounded and cur rent limited with the low pass filter, and the current was meas

ured by looking at the voltage across R2. The only available amplifiers at these 

frequencies were single-ended ones so a pulse transformer (Pulse Engineering. 

PE 2273 132-AW 2F) was necessary to eliminate grounding problems. To a first 

approximation, the boxcar was looking at the voltage across 50 f). The boxcar 

window was set by examining the traces of its timing pulse and V#2, and adjust

ing the timing window accordingly. The window was usually set to be about 400 

ns, or one-half the width of the current pulse. The output of the boxcar was 

read with the Fluke DVM. At the bottom of the croystat, a 25 Q resistor was 

inserted in each current lead. This had the effect of roughly impedance match

ing the current source to the strip. This greatly reduced the turn-on and 

turn-off t ransients seen at the strip voltage preamplifier. That preamplifier was 

terminated with 50 Q and 1000 pf to reduce the effective bandwidth and 

improve the resolution of threshold detection. 



ISOLATION PULSER ATTENUATOR 

figure 27. Instrument schematic for pulsed detection and measuremenl of critical 
currents. Connection of tbp strip to the outside world is vin twisted pairs, TP. 
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After timing th3 arrival of the current pulse with the arrival of the pho-

nons, and after tuning the cavity to the input frequency by minimizing the 

reflected power, the threshold was found by turning the potentiometer on the 

pulse generator until the first hint of a transition to a finite voltage was 

observed. This involved art , craft, and sometimes science, but it became possi

ble to obtain consistent results. After the output of the DVM was recorded the 

current polarity was changed and the threshold again detected and recorded. 

These two were averaged before comparing with dc-equilibrium results, which 

were found to be in agreement. Measurements of i c * were made regularly dur

ing a run, both as a consistency check and as a guard against drifts or other 

ill-understood variables. 

3.3. Tuning 

The timing pulse that triggered the oscilloscopes, the hjxcar, and the TWT 

was derived originally from the Chronetics pulse generator, which was not 

grounded. Using an opto-electronic isolator, that timing pulse was given a 

reference to ground. Because such devices are slow and can't provide much 

current, the first oscilloscope was triggered off it, and the boxcar and second 

oscilloscope were triggered ofl the gate output of the first. The gate output of 

the second was used to trigger the TWT, by means of a Systron-Donner 100A 

pul:se generator triggering an E-K Research Laboratories 132A KV pulser. which 

then triggered the TWT controller. The E-H 132A set the duration of the 

microwave pulse. It was convenient and maybe even necessary to make the 

connections this way. By using the second oscilloscope as I did, I could turn the 

TWT on or ofl from inside the screened room without disturbing any of the care

fully timed pulses and windows. The gate out-nit of a single oscilloscope did not 

have enough fan-out to permit connecting 01 disconnecting anything without 
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changing the relative timing of everything. No doubt there exists a different 

solution to ail these problems; but the apparatus evolved, it was not born of a 

master plan. In fact, little of what was ultimately necessary was even conceived 

of at first. 



CHAPTER 4 

ANALYSIS 

1. GAP ENHANCEMENT 

A fundamental premise of the analysis of the gap enhancement data, sup

ported by the arguments of Chapter 3 Section 2.1, is that only the test film of 

the junction is per turbed by the phonons. Examining a typical reconstructed 

1-V (Fig. 24-b). we can immediately identify the new current-step-like feature as 

the step at the sum of the nonequilibrium gaps. If we call the gap of the higher 

Tc counterelectrode A>. and that of the lower Tc film A, this step occurs at a vol

tage eV = A> + A. By our premise, the displacement AV of the step from its 

equilibrium value, A> + A". is equal to the change in the gap of the test film, as 

A* = A0 + AK . 

The output of the boxcar is AK, so at the appropriate bias current, one may 

measure iA, the change in A, directly. The reconstruction is needed only to give 

us insight into the meaning of A/, and to allow us to set the bias current for 

measurement of <SA. 

The value of A> is found in equilibrium by locating the midpoint of the cusp 

and the step 

A ( A> - A ) + ( A> - A ) 
i > = g • 

One might argue that the invariance of A> with respect to the phonons should 

be ascertained by considering the above sum, both in and out of equilibrium 

( A -• A", A' respectively). In practice this is impossible because the true cusp 

B2 
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is not observed in the nonequilibrium situation. The cusp is actually an 

unstable point because of the negative resistance region between cusp and 

step. As soon as the cusp voltage is reached, the voltage switches across to the 

step. Worse yet, the voltage region just below the cusp is stable only to the 

extent tha t the system noise isn't large enough to produ that switching. Thus 

in a noisy system, one won't be able to bias the junction as high up onto the 

cusp as one would in a quiet system, and the apparent cusp will appear at lower 

voltages than the true one. 1 found that turning on the TWT (but having the 

cavity kept ofl resonance so that no phonons were generated) had the effect of 

producing this premature switching. Let me emphasize that the equilibrium 1-

V's were otherwise identical, but the one with microwaves-on showed an earlier 

switching to the rise at the sum of the gaps. From the I-V's with nacrowaves ofl 

we measured A° and ( A0 ) z vs. T. and since tha t agreed with BCS, we know the 

cusp on those I-V's must be in the right place, and consequently, the cusp on 

the I-V's with microwaves off is in the wrong place. So, while it would have been 

persuasive to make the point about A>'s inertness in the w described, the 

necessary information was not available. I also could have had beautifully sym

metric nonequilibrium I-V's, with the step displaced an amount <5A and the cusp 

displaced the same. But alas it was not to be, and the nonequilibrium I-V's o ' 

different junctions were quite different some showing a lot of this symmetery 

and others showing not much at all. All measurements of gap enhancement 

were made by measuring AK at bias currents in the step and making the assign

ment <SA - AV. 

From A / 1 computed the cooling [ ST/ Tc ] and plotted [ ST/ Tc ] vs. either 

T or T/ Tc. To make a comparison with the theory we needed to know or guess 

the power parameter 3 and the heating parameter h. The following sub

sections are devoted to that cause. 
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Before getting to that analysis, it is interesing to point out another aspect 

of Fig. 24b. As described earlier, the ILE theory predicts a depletion of the 

quasiparticle distribution function at low energies and an increase at higher 

energies. In addition to the induced change in the energy gap, this redistribu

tion has consequences that may be seen in the tunneling characteristics of a 

junction one of whose films is so perturbed. At low voltages V, the current is 

determined largely by the quasiparticle density n(E) in the test film (because 

the counterelectrode is far below its Tc) at an energy E = Ecusp — BV. Very 

close to eV = 0, E^q, — eV is large, and the equilibrium current and the excess 

quasiparticle density are very small. Thus, the equilibrium and nonequilibrium 

tunneling cur rent are small and about equal. At somewhat higher voltages, the 

effect of the perturbation becomes larger, the quasiparticle excess becomes 

significant, and the nonequilibrium tunneling current becomes noticeably 

larger than that in equilibrium. Finally, when the tunneling current is predom

inantly via quasiparticles of E<& + h.v, tha t is E^ap > eV > EavsJI — hi/, the 

current should drop, since the quasiparticle density is reduced by the pertur

bation at those energies. As discussed in the text that relates to Fig. 3. the per

turbation induces an image of the singular BCS density of states at an energy 

E = 4 +• hv. This image shows up in the tunneling current for eV < Ecusp as an 

additional cusp at eV = A> - A - hu. All of these features are clearly visible in 

Fig. 24b. 

1.1. Heating 

The principal heating mechanism in this experiment is the thermalization 

of the energy deposited in the quasiparticle system by the incident phonons. 

The magnitude of this effect can be approximately 50 mK, or in units of the 

reduced temperature, =s4xlQ~2. Of considerably less importance is the self-
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Figure 2B. The effect of injected phonons on the I-V characteristic of an 
S-I-N tunnel junction is to shift that 1-V into near coincidence with an equilibri
um I-V of the same junction at a higher temperature, a) 1-V characteristic o: 
sample Nl with and without injected phonons. b) Power dependence of the 
measured change in junction temperature above Tc in sample W7. 
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heating of the junction arising from dissipation of the tunneling current. This 

heating is obviously bias dependent, but for currents relevant to the gap meas

urement, . I c«n take V ^ * 300 JJLV. The change in temperature , hT/Tc. is 

estimated (in the worst cass) to be 

W ^ ^ - T - l " * 5.0X10"3 . 
£Q it A 

for R=4-ft , 4=3.6x10"* cm 2 , and RK = 10 cm 2 K W _ 1 (see next section). ! can 

also conclude tha t the bias healing is relatively insignificant because the meas

ured equilibrium gap agrees with the ACS prediction. Throughout the 

remainder of the text, 1 will be concerned with the principal mechanism. 

Above Tc. the phonon absorption mechanism is well understood: phonons 

will be taken up by the electrons and the energy then given to the thermal pho

nons, the temperature of the metal rising in accordance with the thermal link 

to the LHe. For temperatures between Tc and Tc> (the transition temperature 

of the higher Te counterelectrode), the films comprise an S-I-N junction whose 

equilibrium voltage at constant current is temperature-dependent. It may be 

used therefore as a bolometer. With the phonons on, at a temperature just 

greater than T-, and at some appropriate bias current , I observed a change in 

the junction voltage AK (or equivalenlly its resistance) which I interpreted as a 

change in tempera ture (Fig. 23). The temperature dependence of the resis
tance of this S-I-N junction is due to the temperature dependence of the gap in 

the superconducting film. Thus the detected A 7 arises from, a decrease in A in 

the counterelectrode. The quasiparticles in that film are warmed as they 

approach equilibrium with phonons in it, and those phonons are in equilibrium 

with the phonons in the test film. The equilibrium of the phonons is esta

blished because both films are aluminum and they are separated by only a few 

nanometers of oxide. The phonons are heated above Tiath because they are 
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coupled by the electron-phonon interaction to the normal electrons in the teat 

film. The normal electrons are heated by absorption of the incident intense 

monochromatic ultrasound. The electrons are actually hotter than the pho-

nons because of a thermal resistance bet-ween the two systems (as described in 

Chapter 2. Section 2.). In terms of the heating corrections introduced in that 

section, the electrons are at a temperature 

where ST,^, = 0.68 x Bv. The phonon temperature is elevated by STp-tath. 

which is given either by the Kapitza resistance or by the phenomenological 

heating term. Thus I may conclude that the detected change in temperature is 

equivalent to the change in the phonon temperature of films comprising the 

junction, and this that is identically the phenomenolgical heating term, 

(« T/ T. ) p h m m l =B(h -0.68) v/ Te . 

In order to convert the measured change in voltage to a change Ln tem

perature, I measured the equilbrium temperature dependence of that voltage. 

This proved to be linear over more than 100 mK, with a sample dependent slope 

of s 6 - 9 / i V / m K at bias currents such that V{lg) as A,/ e. With this and my 

interpretation, I deduced the phonon heating in the test aim, which was as 

much as 100 mK at full radiation power. 

As P. check on the validity of my scheme, 1 carefully measured the power 

dependence of the heating. For small changes in temperature this should be 

linear, but it should roll off as the change A7Y T becomes sizeable compared to 

unity. The reason for this is that the Kapitza resistance is the coefficient of the 

linearized analysis of the heat flux between two reservoirs at temperatures T 

and T + bT. 
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Q = Z^RK'1 [(.T + LT)*-T* ] * Area f RK

l &T . 

As A7* increases, the validity of that approximation fails and 

Kg-* -SjcKl + 1.5&77 7 T 1 . At the highest phonon power tT/T * 0 . 1 . which 

means that the correction is significant. We found A7"(l + 1.5A?/ T) to be a 

linear function (see fig. 29b) of power except at the highest power, where the 

measured change in temperature was a 15-30S less than predicted. Nonethe

less it seems fair to say that the observed power dependence is consistent with 

our interpretation of the effect as heating. This concept of a finite temperature 

difference correction to the heat flux is called the second order Kapitza resis

tance, R^g. 

I also repeated the measurement at another bias current. The results of 

that determination agreed to within 10%. I should point out that both bias 

currents had to be in the vicinity of fg such that V{Ig) a A>, because at much 

lower currents the temperature dependence of the resistance was too small and 

at much higher currents the incident phonon pulses produced very little effect. 

In the above analysis we claimed to have measured the healing as a func

tion of phonon power. In fact, our means for determining the pbonon power 

consist only of reading the dial on a calibrated attenuator which controls the 

microwave power going into the cavity. The outgoing phonon power is propor

tional to the incoming microwave power only to the extent that the transduc

tion efficiency is constant and independent of microwave power. The measured 

linearity of the heating is our best indication that this is so. Measurements of 

the nonlinear piezoelectric behavior of quartz (Gagnepain and Berson, 1975). in 

conjunction with worst case estimates of the electric fields in the cavity 

(=3 3 xlO 7 V TIX"1), support this observation. 
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In summary, I would like to draw two important conclusions from the heat

ing measurements. First, they represent a determination of the change in the 

phonon temperature of the test film and therefore 

&T/Te= B{y/ Tc)(h - 0.63). 

Since the measurements are made just nominally above Te. all the temperature 

dependences (which are normalized to unity at Tc) may be neglected. The 

second conclusion is that the phonon power is proportional to the input 

microwave power, high power roll off and uncertainties in attenuator calibra

tion notwithstanding. Finally, it is worth pointing out that the virtue in doing 

this measurement and analysis above Tc is that it is then possible to identify 

the change signal AV with the Kaptiza beating term, wbich is not possible below 

Tc because then A / is the sum of [ ST/ Tc ] * and the enhancement term EG(u). 

1.2. Large Area Junctions 

From the night of July 17, 1979, when I first saw gap enhancement change 

signals on the oscilloscope, to March 1983, when 1 completed the experiment, 

the magnitude of the cooling I observed on all large area junctions was 

5-20xl0" 3 , measured close to Te and at full TWT power. During that time 1 

looked at dozens of junctions made on at least 8 different quartz crystals. The 

junctions were distributed at random near the center of each crystal. The 

great level of consistency I found indicates that this effect is largely indepen

dent of crystal-to-crystal and sample-to-sample variations, and that the phonon 

beam is essentially a plane wave perpendicular to the crystal axis; otherwise 

different results would obtain when a junction was dead center on the crystal 

face and when it was a millimeter off center. 
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Another universal feature was the disappearance of a change signal as the 

temperature was lowered. Generally, AC was negligible, or below the noise at 

T/ Tc » 0.90. The theory predicts that the cooling falls as the temperature is 

lowered, but the change signal falls off even faster. We have 

7V Tz - 1 + § ^ 5 - + [ ST/ Tc ] r = 0 .and 

4* = 4" + (54. where <SA = AK when the junction is biased in the step. By expand

ing A" we can write 

, /r .- i + ^ + 3 ^ + 4 ^ * [ « v r . ] r . o . 

The first three terms are the equilibrium GL equation and their sum is identi

cally zero. Ignoring (<54)a, we now have 

- 8 * S y f i - = [ « ' / r . ] , . « r 

_ [ ST/ Tc ]TTf 
—oA = — - . 2 0 4° 

This implies that as the change in effective temperature [ ST/ Tc ]T falls off at 

lower temperatures, the change signal 4 7 = 5 4 / a gets even smaller by the fac

tor 4°. This is a major limitation in measuring the cooling at lower tempera

tures. Since the theory is valid only at higher temperatures, this limitation 

does not affect the measurements that may be compared with the theory. 

Figure 39 displays enhancement data of a typical large area sample (sam

ple W6), presented as [ ST/ Tc ] vs. 77 Tc. Before extracting the parameters B 

and h from the data one has to choose a theory, and the choices are between 

one with the conjectured temperature dependences of the parameters and one 

without. Fitting both versions to the data at two points. 7V Tc * 0.95 and 0.39, 1 
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Figure 29. Data from a large area junction (sample W6) at large phonon 
power (u = B.91 GHz ). The solid line is a fit to the data with the parameters 
i?=0.0174 and /i=3.15 in the temperature dependent theory or B=0.0136 and 
h =2.23 in the temperature independent theory. The dashed line is meant to 
guide the eye to the highest temperature point, which is not spuriously low. 
and which is not accounted for by either version. 
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obtained the values 

5=0.0174. h=3.15 (with temperature dependences), and 

5=0.0136, /i=2.23 (without temperature dependences). 

Recalling the results of our earlier a priori estimate of B (Chapter 3, Section 

3.1), at full microwave power (about 600 Watts)'7' B a 0.069, my best attempts to 

fit the data yield values of B that are not far off. especially considering the ad 

hoc nature of that estimate. As a general rule, the effect of removing the tem

perature dependences was to reduce h by a 1 and B by 35-50%. To within 

instrumental resolution, both theories yield curves which are overlapping over 

the intermediate temperatures. The solid line in the figure is the numerical 

prediction of either theory with the appropriate parameters. Examining'Appen

dix C. (the column labeled B(0 dB)), we see that this sample is in rather poorer 

agreement than most of the other samples tested. It is plain that there Is some 

scatter, but this is due presumably to crystal variations, subtleties in cavity 

performance, sample-to-substrate adhesion problems, different mean free 

paths in different films, and possibly other mechanisms. I can also conclude at 

this point that B is small enough that we can believe that the theory (which is 

essentially a perturbation theory in B ) has some validity. 

The first issue to be dealt with is the introduction of the temperature 

dependence of the parameters. The ILE theory employs a relaxation time 

approximation (RTA) to the Boltzmann equation governing the distribution of 

excitations (quasiparticles and phonans ) in the irradiated superconductor. It 

is strictly correct only at T = Tc and for no irradiation. As the temperature is 

lowered two problems arise. First, the parameters in the ILE equation change 

with temperature. Specifically, ,.he inelastic relaxation time, Tg, the Kapitza 

resistance and the absorbed phonon power have known temperature depen

dences which may be included properly in ILE. The second and more significant 
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problem is that as T is lowered and A/ T grows, the RTA itself breaks down (see 

Chapter 2. Section 1.). There is no obvious way to incorporate the energy 

dependence of rE into the embellished Ginzburg-Landau equation given by !LE. 

Since we can only make an incomplete correction to the theory, it is still 

faulty.. For this reason I choose to emphasize the results obtained by using the 

barest form of ILE, one without any temperature dependence of the parameters 

included. Occasionally 1 will make reference to the temperature dependent 

theory, but unless I do so, it is to be understood that the temperature indepen

dent version is being used. Finally, I reiterate the results of Chang and Scala-

pino, who point out the failure of ILE's assumption that the phonons are in 

equilibrium. 

We may try to calculate h in terms of known quantities, 

h = 0.68 + K B—v a " = 0.68 + 0.S3 Rg TS • • 'K 1 0 0 n m j .25 K ' 

where I is the film thickness and Rg is in cm z K W 1 . The Kapitza resistance is 

the result of the heat exchange through both of the sample's surfaces, one in 

direct contact with the helium bath and the other in contact with the single 

crystal quartz substrate. From the work of Follinsbee and Anderson (see Wyatt, 

1981), we know that the Kapitza resistance between copper and liquid helium at 

T=1.25 K is Rg =10 cm 2 K W~l. This quantity has not been measured for alumi

num, but according to Lounasmaa (1974), Rg at a liquid helium/metal interface 

is remarkably insensitive to the choice of met*-,L It is also true that the acous

tic mismatch model of Rg works very well for solid-solid interfaces, but when 

applied to LKe/solid interfaces near T=l K it predicts that Rg will be two orders 

of magnitude larger than it is found to be. In addition to the magnitude being 

wrong, the dependence of the resistance on the acoustic impedance, pv,, is 

incorrect, there being less observed dependence on pv, than theory predicts. 
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It is also interesting to note tha t the temperature dependence of RK is not the 

traditional 7*"'. but something more like T~sl for 0.65 K < T < 1.25 K. For lack 

of a better number, I will use the Folinsbee and Anderson value of RK(7=1.25 

K)=10 cm 2 K W"1. Heat conduction through the other surface is probably bet ter 

understood, since it involves two solids, one of which is an insulator. From the 

work of Cheeke et al. (1976), we can find the Kapitza resistance between virtu

ally any pair of solids as long as we know their densities and various speeds of 

sound. If we follow their instructions we get RgT* =7.13 cm 2 K W"1, and at 

T=1.25 K this amounts to 3.65. This is considerably less than the resistance of 

the LKe channel, so the quartz provides the more important heat loss channel, 

although without both channels there would probably be no enhancement. The 

combined resistance is 

RK = ( 10" 1 + 3.65"> J" 1 = 2.67 . 

It is also t rue that Rg is sensitive to contaminating layers between the sample 

and reservoir, to surface preparation, and also to vagaries of the contact 

between sample and substrate (Lounasmaa, 1974, and Holt, 19S6). It has been 

my experience tha t unless sufficient preventive care is taken, a layer of ice 

(frozen air or nitrogen or water) will form over the sample, insulating it to some 

degree from the cooling of the helium bath. In that extreme case, the balar::? 

of enhancement and heating shifts, and instead of enhancement, all that was 

observed was an effect of the opposite sign, heating. In all of the data to be dis

cussed, the samples were free of this 'ice,' and consequently, it is appropriate 

to use the value RK(\.Z5 K)=2.67 cm 2 K W"1. Then, with I = 100 nm and Tc = 1.25 

K 

h a 1.29 . 

In the extreme ice case, ^ = 3 . 6 5 , h a 1.52. 
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The beating parameter, h, thus extracted is equivalent to a determination 

of the Kapitza resistance, RK = 6.7 cm 2 K W"1. This value is intermediate 

between the single channel resistance for the quartz/Al and Al/He interfaces. 

Given the uncertainties in the analysis (both theoretical and experimental), I 

accept this value as being in satisfactory agreement with theoretical predic

tions. Appendix C is a compilation of useful data for several junctions. From 

the column labelled hJit one can see that the heating term for wide samples is 

typically 1.7. with some examples near 1.2 and others >2.0. This corresponds to 

a mean Kapitza resistance of a 3.6=2 cm 8 K W"1, as compared with the theoreti

cal value of 2.7 cm 2 K W_ 1. 

A problem arises when we ask questions about the power dependence of 

the enhancement. For instance, having found an h and a 8 at the highest 

power (0 dB) how do the data at low power agree with the theory given h and a 

suitably reduced B"! They don't agree well, and the next question is why? The 

route to a solution is to look at the power dependence of the enhancement at 

some high temperature where one expects the theory to be valid and where the 

signals are sufficiently large that so the error bars are relatively small, as in 

Fig. 30 (sample W4). We see that at low relative power the enhancement is 

linear (as it should be), but at higher power the enhancement rolls off. The 

theory is intrinsically nonlinear, but at what level do the nonlinearities dom

inate? If we just tried to fit the data at constant 77 Tc and demanded a good fit 

at the high power points, we'd get values like B{0 dB)=0.042 and /i=4.05, as 

compared with S(0 dB)=0.005 and A, = 1.97 obtained from a temperature 

independent fit at B =0 dB. Naturally, if we use the power-fit parameters we get 

terrible agreement at all other temperatures, and if we use the temperature-fit 

parameters we get terrible agreement at all other powers. The linearity of the 

heating measurements eliminates the possibility that the transducer is 
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Figure 30. Power dependence of the gap enhancement, for sample W4, 
77 Tc =0.99, v/ Te =0.33. The horizontal scale is the power referred to the max
imum available (1.0=0 dB). The curve, A, is the prediction o. the temperature 
independent ILE theory for the parameters B(Q dB)=}..37xlQ-3 and A = 1.60, 
which are obtained by Atting the data at all temperatures for B s - 1 0 dB. The 
effect of introducing the 2"" order Kapitza resistance R^K (Chapter 4, Section 
1.1) is negligible. This may be understood from the magnitude of the maximum 
correction introduced by that analysis. l.SBh.(v/ 7^=0.011. Curve B, (5(0 
dB)-=4.2xl0-z. A=3.B1. i.5A(v/ r c )=8.0xl0- 2 ) , is the best fl., with R^\ includ
ed, of the power dependent data at 77 Tc = 0.99. Curve C. (5(0 d£)=_!.70x 10"2. 
A =4.05, 1.5Bk(v/ 7b)=7.5xl0 - 2 ), is the best fit without Bv)

x included. For both 
B and C the correction is significant and affects the shape as well as the magni
tude of the theoretical prediction. 



93 

somehow nonlinear. For some narrow samples, the parameters were 

B(0 dB) = 0.45 and h = 2.5. Such very high values of B are absurd. As men

tioned in Chapter 2, B is essentially the deviation of the distribution function 

from its equilibrium value at the gap edge. If f?=0.5, then those states near the 

gap edge would be completely empty and surely the theory is not valid so far 

from equilibrium. Furthermore such a high h and B would predict that the 

measured heating above Tc is 

LT=vB{h -0.68) a 340 mK . 

which is totally out of line with what's observed. As a last comment on the inap-

propriateness of B(0 dB)=0.45, our earlier a priori calculation predicts 

B «0.06S The uncertaint ies in that calculation are of such a sign and magni

tude that B = 0.5 is untenable.^ 8 ' 

Finally it occurred to us to try to fit just the low power data. For the same 

sample (N4) whose complete data set is shown in shown in Fig. 31. I used the 

enhancements at -10 dB down and below. If we try to do a power fit, we find 

that within reasonable limits, for any B we can find an h that fits the data. This 

is a consequence of both the data and the theory being linear for low power. 

Thus power-fitting doesn't give us a unique set of parameters. If on the other 

hand we try a temparature-fit -10 d3 down, we can get a good and sensible fit, 

£ ( - 1 0 dB) = 1.37 x 10" 3 . h =1.60 . 

and by virtue of our experience with power-fits, we know it will fit all the low 

power data. In fact that happens, and Fig. 32 displays that prettily. If we use 

those parameters and compare the theory with -7 dB down data we find strong 

deviations, which become even more pronounced at higher power. Thus 5(0 

dB)=1.37 x 10" a; and while our intuition tells us that the theory should still be 

valid for such a small value of the expansion parameter, it doesn't seem to be 
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Figure 31. Data from a large area junction (sample W4) fo ra range of in
put power (measured relative to full power) and over a substantial temperature 
range. (1/ = 9.26 GHz, Tc = 1.33 K) 
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Figure 32. The data of sample W4 and curves generated from a fit at -10 dB 
down (5{-10 dB)=1.37xlO"3, h = 1.60). A:-10 dB, B:-l£ dB, C:-15 dB, D:-17 dB. E:-
20 dB, F:-7 dB. The full data for this sample is shown in Fig.31. 
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valid. The Kapitza resistance corresponding to A=1.6 is RK = 3.3 cm* K W"'. 

The conclusion to be drawn must be the one motivated by Chang and 

Scalapino. The effect of the nonequilbrium pbonons and the energy depen

dence of Te must become important at a fairly low value of B. at the order of 

S xl0" s . From Fig. 33, which shows the power dependence of the enhancement 

for several values ol h, one would not expect marked deviations from linearity 

for B < 5 x 10~Z. The calculations of Chang and Scalapino {which were per

formed for the microwave case at 7V Tc = 0.90 and u/ Tc = 0.93. o r » * i ) indi

cate that the enhancement rolls off noticeably for B > 5 x 10"3 (see rig. 6). 

Thus our data seems to confirm their prediction qualitatively, although a more 

detailed comparison awaits a repeat of their numerical calculation with the 

coherence factors appropriate to the phonons and with suitable temperature 

and frequency parameters. 

There is another problem that is obvious from Figs. 29, 31, and 32. At the 

highest temperatures, the measured enhancement drops off while the theory 

predicts it will continue to increase right up to pair-breaking. This is an effect I 

have observed many times at T/ Te %»0.99 but less than pair-breaking 

(T/Te * 0.997). At temperatures just greater than the highest at which I have 

presented measurements, the change signal in the step changes sign, indicating 

a change from gap enhancement to gap reduction. I've never quantified that 

reduction. This transition occurs at temperatures a few mUlikelvins below the 

pair-breaking temperature. A possible mechanism within the confines of the 

ILE model presents itself if at higher temperatures the relative weight of the 

enhancement, BG{ 4 / v ), and heating terms, B h v/ Tc, is slightly different than 

in the ILE theory. Consider the & dependence of the heating term. In ILE there 

is none, but in reality we know that we must at least include a prefactor 
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Figure 33. The gap enhancement [ <57Y 7°c ] vs. power B as predicted by the 
temperature independent ILE theory, for several values of the heating parame
ter, h (77 7C=0.9B. i//7*c=0.33). The 2 n d order Kapitza resistance 1?Z'JC is in
cluded, but its effect ii negligible at power levels, B £ 5x l0" 3 where we find the 
ILE theory to be applicable. 
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2 / ( 1 + t^7) = 2n(A) to account for the A-dependence of the ultrasonic absorp

tion. It is assumed in this that v « A. and near pair-breaking (which is the tem

perature region we're concerned with at this juncture) this assumption breaks 

down. Near pair-breaking the relative absorption is greater than 2n(A). Thus 

the heating term will.be larger, and its importance relative to the enhancement 

term will grow. It is possible that proper inclusion of this effect may cause the 

measursd enhancement to go through a maximum below pair-breaking. I have 

studied the 1LE equation with the temperature dependent coefficients, in which 

I included 2n(A) in the heating term (see Theory, Section 3.4), and no maximum 

is predicted, so at the very least some deviation from the usual 2n(A) behavior 

is required. 

In my interpretation of the general picture everything agrees, but one 

should not take any of the results too literally. ILE is only good for &/ T « 1. 

At 77 Tc = 0.95 and &/ T = 0.72, so we are at the limits of validity of the theory 

while trying to (it down there. The ILE theory assumes explicitly that the pho-

nons are in some kind of thermal equilibrium, which Chang and Scalapino have 

proven explicitly is not the case. For reasons not obvious to me, CS performed 

their calculation at TV Te » 0.90, which is outside the range of ILE and therefore 

does not invite comparison between the two. Similarly, recent CS-like calcula

tions have been made for the phonon case (Cirillo et al., 1982}, and they too are 

concerned primarily with that temperature. They do seem to indicate that at 

higher temperatures the deviations from ILE are not very large. It is reassuring 

to find that the fitting parameters B and h are close to what one might expect. 

The sample (WS) of Fig. 29 was also examined at two other frequencies. The 

complete data at full microwave power is shown in Fig. 34. I would have thought 

that h would remain relatively constant- 9! at each of the three frequencies 

http://will.be
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Figure 34. The same junction as in Fig. 29 (sample W6). but at three 
different frequencies. The lines are meant to guide the eye only. 



105 

{ v = 9.63, S.91 and 8.35 GHz ), and that 3 would vary depending on the fre

quency dependence of the overall transduction process. The magnitudes of the 

enhancement might vary, but the temperature dependences should be approxi

mately the same except for the fact that [ ST/ Te ] * * B k (i// 7"e) is propor

tional to v/ Tc. The observed temperature dependences are much more 

[/-dependent. The maximum enhancement varies by almost 2. but it is easy tc 

accept that fact, since the klystron, TWT, cavity, crystal, and film all contribute 

in some complicated and immeasurable way to B. The heating parameter h in 

the temperature independent theory is found to vary from i.6 to 2.5. These 

numbers are not outside the plausible range of h, but since h is essentially a 

property of the Al/quartz and Al/LEe interface, it is peculiar that it is not more 

constant. If h is truly constant, this observed variation in it implies that the 

errors in the enhancement measurement are much greater than we believe 

them to be. 

Something is missing from the model. The following does not constitute an 

explanation, but it is an idea. Recall that Rg is the coefficient of the thermal 

boundary resistance, which itself behaves like 1 / T3, according to the acoustic 

mismatch theory (Little, 1975; Anderson, 19B1). The 1 / T3 comes from an 

integral for the heat flux that extends over all frequencies, but which is actu

ally cut off by a Bose factor ( e n / r - l ) _ I . The meaning of the 1/ 7* is that the 

principal mode of heat removal from the sample is by phonons of frequency 

0=7", and that they are present in numbers proportional to f)2 if the density of 

phonon states is Debye. If in the process of injecting phonons of frequency v 

the principal heat escape mode is via those phonons, and if T3 •* u3. then at 

constant T, i^h should be constant. For convenience I normalize v lo Tc The 

table below shows that (i// Tc)3h is strikingly constant. A few other junctions 

were tested at different frequencies and they did not reveal this same apparent 
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sensitivity to frequency, so it is possible that the effect is spurious. The accord 

is probably coincidental, but may be noteworthy. 

TABLE II 

3.10 2.53 0.0849 3.44 0.0115 
2.91 3.23 0.0905 3.13 0.0129 
2.69 1.57 0.0807 2.49 0.0128 

1.3. Small Area Junctions 

Categorically speaking, enhancements of the small area or narrow tunnel 

junctions were larger than those of the large area ones. Of equal importance, 

the temperature dependence they displayed was much flatter, as in Fig. 35 

(sample Nl). Interpreted in the context of B's and h's, the described behavior 

means B is larger than before, or h is smaller than before, or both. The fitting 

parameters for all the narrow junctions I tested are listed in Appendix C. The 

parameters were chosen to give a good fit above 77 Tc ss 0.92. At lower tempera

tures the measurements consistently lay above the theoretical curves with the 

chosen parameters . Another way of saying this is that the enhancement for 

narrow junctions had a flatter temperature dependence than may be accounted 

for by this type of theory. If we choose to fit the low 77 Te data (as well as one 

point at 77 Tc * 0.98), then h. increases by * 1.0 and B by « 50%. As in the last 

section I am only quoting results of the temperature independent analysis. At 

present we have no explanation of why either one of those two possibilities 

should obtain. The acoustic power B varies from sample to sample, but these 

variations are not adequate to explain its being systematically larger in the 
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Figure 35. Gap cnhancemenl in a narrow junction (sample Nl ) . 
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narrow samples. A similar statement may be made for A. The ESSS heating 

term [ oT/ Tc ] 0 = 0.68 B v/ Tc makes no distinction about sample geometry. 

The phenoinenologiual heating contains a term Volume / Area, which is essen

tially the sample thickness, but which also contains a correction from the sam

ple sides. This serves to reduce the term by thickness / width » 155 in the 

narrow case and 0.3J5 in the wide case, and is therefore negligible. 

As in the case of the wide junctions, it was necessary to fit the data at low 

power, when that data v.-as available. The A's so extracted are in quite good 

agreement with the predictions of the theory. We find hfa = 0.3-2.0 

{RK = 0.52-5.7 cm 2 K W ) with a mean of kfit = 1.3 {Rx = 2.7 cm 2 K W"1 ), and 

h-thmry ** 1-3 i^K - 2-7 cm 2 K W"1 ). For comparison we remind the reader that 

the wide sample of Fig. 31 and 32 (sample W4) gave Rg as 3.3 cm 2 K W~l. and 

hJit = 1.7, hUucTy a 1.3 . 

The narrow samples also differed from the wide ones in another marked 

way. Figure 36 (sample N2) is typical of reconstructed I-V characteristics of the 

narrow tunnel junctions. The stair-like structure reminds us of a well-known 

phenomenon, photon-assisted tunneling (Tien and Gordon, 1963; Solymar, 

1972), but in this case it is phonon-assisted tunneling (abbreviated PAT, see 

Solymar, 1972 and references therein). In both cases the underlying mechan

ism is movement of a quasiparticie across the tunneling barrier by absorption 

or emission of a quantum A v. To see PAT, the RF must couple both films 

together. The structures in the I-V are images of the structures in the I-V 

without radiation, displaced by ±nhu. PAT is the most serious obstacle for all 

microwave gap enhancement experiments, because while irradiating the junc

tion with RF it is almost impossible not to have that HF coupling the Alms 

together. With sufEcient radiation to observe gap enhancement, there is usu-
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Figure 36. The combined effects ot phonon-assisted tunneling and phonun-induced gap 
enhancement on a narrow lunnel junction (sample N2). superimposed on its equilibrium l-V. 3 
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ally enough RF coupling the films to wash out completely the nonlinearities 

whose position:; locate the equilibrium and nonequilibrium gaps. One must be 

either clever o.- lucky to avoid this (Korstman and Wolter, 1991). For phonons, 

on the other hand, the effect is difficult to observe and has, before this experi

ment, been seen only in 2 n d -derivative measurements of the 1-V. In the large 

area junctions, for instance, we saw indications of PAT in the form of a current 

depression of width V = hi//e, at a voltage just above the step. In the narrow 

junctions the PAT was often strikingly noticeable, ana was even more so at 

lower temperatures. The spacing of the steps can serve as a check of the cali

bration of the amplifiers and recording system, since the frequency may be 

measured to higher accuracy by conventional microwave methods. The prob

lem is that the measured steps were neither equally spaced nor exactly hv/ e, 

and yet the system is calibrated to within a few percent by alternate means. 

The steps are almost always within 1555 of the correct value, and usually within 

5J5. It is difficult without derivative techniques and a special interest in it to 

locate the step positions to high accuracy, but the systematic behavior is quite 

clear, features at A> + A + Tihv appear at a greater apparent v than features at 

A> + A - nh v and the spacing increases for larger —n. 

We might ask why the narrow samples are more susceptible to PAT than 

wide ones. The answer may be that the phase of the phonon field across the 

junction is more constant in the narrow than in the wide samples. This is 

purely a geometrical effect. The effect of a wedge in the crystal (non-

parallelism of its endfaces) is to cause the phonons to arrive with a different 

phase at different points along the sample. The manufacturers claim a^^g, <4", 

which is astonishingly small. Such a wedge wouid introduce a phase difference 

of 
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if. = 2JT X'1^ a^jf. length,,,^,. = 0.066 

for a 300 ;im sample and 6.Q = 0.0C2 for a 10 jan sample. It's possible that the 

wedge is actually quite a bit larger, although still small by optical standards, in 

which case it might be large enough to effect the presence or absence of PAT 

steps. In any case a wedge would not eSect enhancement. 

When measuring »an enhancement in the presence ->F PAT one measures 

the displacement of the zeroth order step frcm the equilibrium value of the 

gap; so it may not mat te r that the n * 0 steps appear a little out of place, but 

one likes to unders tand the observations. The PAT does complicate matters 

because now instead of there being a single current step at the sum of the gaps 

there are several, and we have to pick the correct one out of a multitude. This 

is easy, but the results I've described for narrow junction gap enhancement are 

strange, particularly at low temperatures, so the question arises: is the zeroth 

order step displaced from its equilibirium value because of gap enhancement? 

At the lowest temperatures ( f=1.04 K, 77 Tc « 0.82 ), large area junctions were 

inert from the point of view of enhancement. This is without exception. At 

these temperatures , most of the narrow junctions showed a very distinct 

change signal in the step, even those narrow junctions tha t uid not show a lot of 

PAT, like the one in Fig. 37 (sample N4). 

1.4. Heating Measurements Above the Critical Temperature 

As mentioned earlier, 1 made some heating measurements above 7"c. These 

measurements determine [6T/TC ]T>TC = B(h.-0.S8)(v/ Tc). We have therefore, 

in principle reduced the problem from finding the two parameters B and h to 

finding a single parameter , since the heating measurements provide another 
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VOLTAGE (juV) 
Figure 37. Reconstructed I-V of a narrow tunnel junction (sample N3), showing gap y B . H , . » I D c 
mcement and relatively little PAT. (TV 7i=0.gOB, v=6.81 GHz) k M I ^ , v ™ 
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constraint. Instead of performing the analysis that way we choose to conzsare 

side by side the measured values of tbis heating. [ ST/ Tc ] M B , and the value of 

the same quantity calculated with the B'z and h's obtained by the fitting pro

cedure, [ 6T/ Tc ]/«• Tbis comparison may be found in Appendix C. but I repeat 

the essential elements of it below for clarity. 

Clearly, some of the samples are in excellent agreement and others are 

not Most of the samples on which I obtained heating measurements were also 

those samples on which I did not take any low power enhancement data. We 

know from our discussion of the power dependence of the enhancement that 

B's obtained from fits at 0 dB are characteristically low. This is because the 

enhancement rolls off faster than predicted by the theory used in the fitting 

Table III: Keating Data 

Sample Power v/ Tc h,h,—. ft,/a Keating 
of Fit 3(h.-0.8B)(v/ Tc) 

Measured Fit 
(dB) (xlO"3) (xlO"3) 

W8 0 0.372 1.30 1.57 8 3.3 
0 0.344 1.30 2.23 16 7.2 
0 0.331 1.30 2.01 5.6 
0 0.323 1.30 2.53 23 13.9 

W7 0 0.3S6 1.73 1.25 25 4.5 
0 0.355 1.78 1.52 47 9.2 
0 0.334 1.78 1.27 27 4.1 

-10 0.333 1.78 1.96 70 70 
Nl -10 0.32S 1.29 1.66 51±10 69 
N3 0 0.339 1.30 1.33 52 11.7 
N4 -10 0.341 1.23 0.92 42 8.4 

-5 0.386 1.28 1.04 20 7.3 
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procedure, and so the B's found by fitting at high power are lower than they 

are in reality. If such a B is used to estimate the heating B(h-O.S3)(u/ Tc}. 

then the estimate will be low by some amount, depending on the saturation. We 

can anticipate therefore that those samples on which 1 had to fit at 0 dB will 

show poor agreement between measured and fit values of the heating, and the 

fit values will be low. This is born out in the table above. 

Another point to understand is that since the heating is proportional to 

(A—0.69), if ft.ao.68. then the fit heating will be very sensitive to the exact value 

chosen for A. In the case of sample N4, the observed temperature dependence 

was quite fiat (like sample N2, see Appendbc C) and the ft obtained was quite 

small. This is more probably a manifestation of some other physics at play than 

it is of some unusually low Kapitza resistance. With such a low ft, we anticipate 

less than perfect agreement between measurement and fitting results. Indeed 

the fit heating is 3 or 4 times less than the measured heating for this sample. If 

the fitting procedure had been optimized to emphasize those data points 

nearest to Tc instead of looking at a broader temperature range 

(TV 7i=0.95 — 0.99), then both B and ft would have been found to be larger, and 

the fit heating would have been in a finer state of accord with the measured 

heating. To present those results would have been a bit of a misrepresentation, 

because they would not have indicated the observed very flat lower tempera

ture behavior. 

Our criteria therefore eliminate all but two samples: W7 at B.4-3 GKz and Nl 

at 3.8 GKz. The measurements of [<57y7; ]T>Ti!=B(.h.-0.6B)(v/ Tc) agree very 

well with the fit value and lend considerable credibility to our analysis. We 

should point out here that the agreement relies on an analysis that is not above 

suspicion. The key to this analysis is the assumption that the quasiparticies in 
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the counterelectrode (the film that remains superconducting in the heating 

measurement) are in a quasithermal distribution in equilibrium with the pfao-

nons in that film. One can argue that because the quasiparticles cannot escape 

the film and because there is electron-phonon coupling, the quasiparticles 

must have the same temperature as the phonons. This is similar to the result 

obtained in thermodynamics where two closed couple systems in equilibrium 

are found to have the same temperature. Nevertheless some detailed, kinetic 

equation analysis would be of interest here. 

2. CRITICAL CURRENT ENHANCEMENTS 

2.1. Generalia 

The labels given to the two types of samples, narrow and wide, make refer

ence to the SIS junctions on each type. The other component of each sample, 

the strip, was 3 -10 pun wide, 100-200 nm thick, and 100-300 /un long. The 

major distinction between narrow and wide was whether the strip lay in inti

mate contact with the crystal or whether there was a counterelectrode of dirty 

Al between it and the crystal. I observed no systematic differences between i^ 

enhancements in strips cf either type. Also, as one might expect, measure

ments made on samples consisting of only a single strip were consistent with 

those made on composite samples. How, for instance, could -. strip be affected 

by the junction that is lying next to it? As in the gap case, the strips were 

placed largely at random near the centers of several different crystals, with no 

striking difference coming from placement or preparation variations. The pic

ture which emerges is one intrinsic to these narrow strips and is not the result 

of less interesting complications like variations in Kapitza resistance, ground 

planing, contact with the crystal, proximity to nearby structures, LKe level, or 

others. Except for explicit comparisons to gap data taken for the same sample. 
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we will mr.ke no distinctions between strips from wide and narrow samples. 

The ic data was not as consistent as the gap data. The strip parameters 

and relevant enhancement data are tabulated in Appendix D. By comparing the 

columns labelled Maximum ic Enhancement and Maximum Gap Enhancement, it 

is clear that there is a considerable discrepancy of magnitudes. The critical 

current enhancement is consistently larger: and we can say with certainty, for 

temperatures above 0.95. that the i^ enhancement was larger (typically by 2 to 

5) than the gap enhancement under the same conditions, and that the i. 

enhancement fell off much more slowly with decreasing temperature than the 

gap enhancement. This latter effect made the ratio of enhancements greater at 

low temperature. Furthermore, ii flat te .iperature dependence of the critical 

current enhancement made it impossible to fit the data to the ILE model-

Enhancements of both i e and A. always expressed as [ ST/ Tc ] . are predicted by 

the so called theory to be close to one another, under the same operating con

ditions. To digress momentarily, if the mechanism for gap enhancement was 

exactly the same as for is, and ij a i 3 as in equilibrium, then changes in one or 

the other expressed as <5A/A, or Sic/ic would yield the relationship 

If, on the other hand, the changes are expressed as effective temperatures, 

A2 a (1 -77 r c ) a n d i c

2 / 3 a ( l - 7 7 7'c), then 

o z = t c

2 / 3 

and the enhancements are the same. In Chapter 2 I discussed how this descrip

tion is incomplete, but I include these words here to remind ourselves that up 

to a correction of perhaps 20%, ie and A enhancements are expected to be 
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equal, l would like to point out here that one similarity between strip and func

tion behavior was the saturation of the enhancement at high power, both show

ing marked roll-off. 

Figure 38 shows data from the first sample on which I made simultaneous 

gap and ie measurements. It does not extend to low temperatures because the 

importance of probing that region was not understood at the time; but it is 

clear that the measured [ ST/ Tc ]'s are not the same, or even close. This is a 

wide junction and the strip lies off to one side. This junction is somewhat 

unusual in that it is Fabricated with the test film under tne dirty film, while all 

other samples were made in the reverse order, test film up. The ultrasound 

strain wave probably has a node at the interface of aluminum anu liquid helium 

(because of their different acoustic impedances, pc ' 1 0 ' ) and therefore should 

be of greater magnitude in the test film down variety. With more ultrasonic 

energy, there should be more absorption and more enhancement than in the 

strip, where the test film is right up against the LHe. Whether this understand

ing is correct or not, the i^ enhancement is about 5 times the gap enhancement 

for this sample. Shown in Fig. 38b is the raw critical current data, ic * vs. TV Tc. 

From the equilibrium curve, it is plain that i e" does not follow the usual 

(l—T/Te)a/2 dependence very far below TB. Some strips behaved better than 

others in this regard, obeying the GL theory for T/TQ > 0.93^ ]1. In all cases 

[ ST/ Tc ] was determined by comparing i c * with iB" and by defining 

[ ST/ Te ] = (T'-T)/ Tc: where T' is defined implicitly, i, ' (77 Tc) = ic"(T'/ Tc). 

Figure 39 shows some results of A a n d i c enhancements of a narrow sample 

at two different frequencies. There is no intended correspondence between 

relative power levels at the different frequencies, but at a given v, N dB is the 

same input power for both ic and A. It is not possible to say whether more 
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Figure 3B. Cap and critical current enhancements in a wide sample (sam
ple W2). Note the different scales for the cooling of i e and A. a: 0 dB.b: -2 dB. c: 
-3 dB. d: -5 dB. e: -7 dB. f: -10 dB. g: -13 dB. h: -17 db, i: -20 dB. 
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power was available at the lower frequency. The ratio of maximum enhance

ments is approximately Z a t v = B.6 GHz and 1.3 a t 9.7 GHz. 

ZZ. Unexpected Phenomena 

In general, the critical c ivrent enhancement data raises more questions 

than it resolves. Curves of measured cooling as a function of 77 Tc do not avail 

themselves of interpretation in terms of B and h. In many cases, for instance, 

enhancement increased gradually below 77 Tc = 1 before decreasing. In other 

cases, I found i c * < ic° within an isolated range of temperatures and input 

power levels. In the sample of Fig. 38,ic'<ic' for 77 Tc * 0.36 and (/=9.66 GHz: 

that is why the plotted data does not extend to lower temperatures . In fact at 

8.6 GHz, is " < ic° for 77 Tc » 0.B7, but only when the input was a t tenuated 10 dB 

or more. This kind of behavior was never observed in &. 

Equally bizarre and unexplained is some data from a narrow strip whose 

enhancement I examined during irradiation by the first and second phonon 

echoes, as well as by the primary phonon pulse ' 1 2 ' . Fig. 40. These measure

ments are performed for each pulse by moving the current pulse and boxcar 

window to the time when that pulse is incident on the films. The phonons gen

erated by the X-cut quartz are longitudinal, tha t is, they are compressions! 

waves in the solid. We label the three pulses l l t f2, and l3, and they arrive 4.6, 

13.8, and 33.0 >*sec respectively, after the microwaves turn on. In each succes

sive pulse there is less ultrasonic energy, so we expect each successive pulse 

will produce less enhancement and less iQ'. This is the case near Tc, but as the 

temperature is lowered to 77 Tc =» 0.96, i,. '.^ < \ '., a, and when 77 Tc = 0.39, 

i e *, < i c ' , . The expected relationship between i c ', and i c ". is maintained at 

all temperatures . Another odd feature of these measurements is the enhance

ment by a given pulse at two different power levels, 0 dB and one-half of that. 
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Figure 40. Enhanced critical current versus temperature for each of three 
successive phonon pulses I,, lg, and £3 at full power (A.B.C) and 3 dB down 
(a.b.c). The solid line is a smooth curve through the equilibrium data which 
agrees with GL theory close to Tc. 
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For the primary pulse I t , ic',tdB > "k'.-stB f o r T/ Tc > 0.B8, a which tempera

tures they either merge or cross. Also, [ ST/ Te ] should be nearly proportional 

to power, and it most certainly is not. For lt the situation is somewhat better, 

but for 7V Tc = 0.87, ic *. 0 < t s = tj '.-343- The second echo ls behaves best. The 

curves otic' v s - T/ Te at both powers are similar or congruent. That fact does 

not prove anything, but the laws of corresponding states, that appear 

throughout the theory of superconductivity, are laws about congruences, so my 

intuition has been instructed to recognize further congruences. 

I did not make measurements of this kind on enough samples to know if 

this behavior is spurious or generally valid, though the £, data itself is entirely 

consistent with the i j data from other samples. Since each successive l„ 

arrives 9.2 /isec after the previous one and 4.6 + (n —l)x9.2 /isec after the 

microwave pulse, it is interesting to think of the measurements on suceesive l^ 

as a probe of the time dependence of the enhancement, where time refers to 

time following the microwave pulse. The inelastic relaxation time is only 12 

nsec so it is likely that within a few hundred nanoseconds of the microwave 

turn-ofl the superconductor will have reached thermal equilibrium. Some of 

the evidence of this being the case are the square-topped gap change signals, 

which indicate a steady state has been reached within 100 nsec of the 

microwave turn-on, and also the 100 nsec trailing edge of the change signal 

pulse, which indicates the return to equilibrium is fast on the heels of the 

microwave turn-ofl. 

In contrast to this comprehensible evidence from ^-measurements are 

some measurements of i c " vs. time which I made on one strip, shown in Fig. 41. 

These were motivated by the observation that following the initial pulse, ic' was 

depressed for a time before it returned to its equilibrium value, ie°. The exact 
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Figure 41. The time dependence of the critical current following a mi
crowave pulse at time=0. Measurements were made only during the periods 
A.B.C.D. 



124 

duration of that depression varied from app: jximately 1 /isec to many 10's of 

microseconds. Any sample for which the suppression time was much grea ter 

than 4.6 fisec (the time for longitudinal pbonons to traverse the crystal once} 

was fairly useless. The very long times were attributable to the presence of a 

thermally insulating ice-layer between sample and bath which drastically 

increased the thermal boundary resistance. By warming the s?mple and eva

porating the ice-layer, the depression time was reduced to acceptable values. 

Only on one or two occasions was this a problem and no extensive study was 

made. The data shown are more or less typical. For a few microseconds follow

ing the microwave pulse the critical cur ren t is suppressed altogether, and then 

it begins to r e tu rn towards ic°. At about the same moment when i e " = ic° for 

the first time, the phonons arrive and produce a dramatic increase in i c " . which 

returns to equilibrium on a much slower time scale than r^ = 12 nsec. As i c ' 

falls, another phonon pulse^ 1 3 ' hits the film and ic is enhanced again, after 

which it continues to fail slowly. When t=20 ,usec, we find ic ' - ic°. 

We might speculate that the energy deposited by the microwave radiation 

is not completely out of the film when the phonons arrive. By reasoning this 

way one could argue for a time dependent heating term, e.g. Be~'/T, to help 

explain Fig. 41 . Phenomenologically, one might find a time scale r of the order 

of microseconds to fit the data, but the known mechanisms are two orders of 

magnitude less than this. We might also speculate that within the context of 

ILE there are non-linear, e.g. Bz. enhancement or heating terms which alter the 

expected dependence of enhancement on power or temperature. A third possi

bility is that the failure of the ILE theory to calculate correctly the nonequili-

brium distribution function results in T underestimate of the importance of 

distribution function corrections to the critical current, as calculated by 

Entin-Wohlman (1981). The kinetic equation calculations of Chang and 
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Scalapino are needed to resolve this question. This assumes, though, that the 

opera' ing principle of %. enhancement is the same one we've been discussing all 

along. A final possibility is that another mechanism is needed to explain i,. 

enhancement. Earlier measurements of critical current- enhancements by 

microwave irradiation were dc measurements (see Chapter 1 for references) 

and would not have unearthed the aforementioned time-dependences. Also, 

these earlier studies did not seek to fit ILE to their data at more than one point, 

and therefore they do not comment on the validity of the temperature depen

dent ILE. It is my feeling that these iz enhancement measurements, which are 

purported to be confirmation of the Eliashberg mechanism of gap enhance

ment, do not in fact confirm it. 

3. MICROWAVE ENHANCEMENT 

As described earlier, the phonon generation apparatus for this experiment 

required a pulsed microwave source and also a low power microwave sweep 

oscillator for diagnostic purposes. Microwaves injected into the waveguide were 

confined primarily to the cavity, but some leaked out and influenced the super

conducting films. It was not the purpose of this thesis to study the microwave 

effects of gap or critical current enhancement, but I did look for them just to 

see what was happening. 

The high power microwave pulses produced a large change signal that I 

could interpret only as healing. The enhancement signature is a positive 

change signal at bias currents such that eK = A>-i-A. At normal operating 

power, the change signal was always negative, and the reconstructed I-V had no 

structure remaining in it (see Fig. 42a). For an input power 50 dB below the 

lowest power at which any phonon-induced gap enhancement effects were seen, 

the reconstructed I-V. shown in Fig. 42b. is strongly reminiscent of photon-
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assisted '.unneling, and it shows no evidence of any gap enhancement. 

I used the microwave sweep oscillator as a low power, continuous source 

and was thus able to make dc measurements of the microwave effects on these 

samples. I monitored the I-V continuously on an oscilloscope, and by switching 

the microwaves on and off at a low rate, 1 could view the equilibrium and none-

quilibrium I-V's superimposed on one another. All 1 saw was PAT with the zeroth 

order step seemingly locked on the rise at the sum of the gaps, that is. no 

enhancement, {see Fig. 43). No difference was detected either over the S- l l 

GKz range of the cavity or over the range of availabis input power. Sufficient 

power was available to wash out the PAT steps. It is possible that derivative 

techniques would detect some enhancement in these apparently flat I-Vs. Gen

erally speaking, microwave effects in this configuration are dominated by PAT. 

No difference was observed between the two types of samples. 

This apparent lack of gap enhancement induced by microwaves is made 

more striking by the simultaneous critical current enhancement meaurements. 

Near Tc. the output of the sweep oscillator was sufficient to produce large i c 

enhancements, and at certain frequencies was great enough to drive the strip 

normal. When an audio oscillator was used to sweep the current through -i^ in 

the presence of some cw mien-wave source, increasing the RF power marginaily 

caused the supercurrent to vanish. Pals and Dobben (1979) have shown that 

this sense of 'normal' is artificial,'1 4' and higher critical currents may be 

achieved if the experiment is more artful. At no time did this experimenter 

investigate i e as directed by Pals and Dobben. Near Tc, the maximum critical 

current enhancements so obtained were smaller, but of the same order of mag

nitude as in the phorion experiments. At lower temperatures the enhancement 

was less, but that may be an indication that I had insufficient microwave power 
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and not of some intrinsic differences between microwave and phonon experi

ments. 

The most pronounced difference was the enhancement very close to Tc. 

above pair-breaking, and above Tc. At temperatures where the incident pho-

nons destroyed the superconductivity, T ^ . ^ < 7" < Te. or were unable to create 

superconductivity from an otherwise normal state. 7"e < T. the microwaves pro

duced enhancements, [ 6T/ Tc ] = several xlO"3. For 4 mK above Tc. the 

microwaves yielded a supercurrent. In this case, Tc means the extrapolation to 

zero current of the curve i^2/avs. T. and it involved an extrapolation of only 

about 1 mK. Above Tz + 4- TTIK. there was no supercurrent within this experi

mental scheme. Critical temperature enhancement is expected (and docu

mented) to be achievable with microwave irradiation than with the phonons. 

This is because of the coherence factor for absorption by pairs when v exceeds 

2A. The coherence factor 

- E(E-v) 

is approximately zero for the microwaves (+) when E * Aand u = 24. while it is 

approximately 2 in the pbonon case {-). Once the pair-breaking threshold is 

reached, the pair absorption channel turns on strongly for phonons, destroying 

the enhancement. It turns on only weakly for the microwaves, allowing super-

conductivy to remain at slightly higher temperatures. No systematic study of 

these effects was pursued. Let me just mention that at the high RF powers used 

to make phonons, the leaking RF suppressed any propensity for superconduc

tivity. It was possible to see some i c enhancement by RF only when the input 

power was attenuated severely. This method would.have allowed the true max

imum critical current to be measured. Again, no studies like this were made. 



Civen the null results of gap enhancement under irradiation i t b the \ v 

power source, it is surprising that the ij measurements were positive at the 

same power. If 1LE is the mechanism for critical current enhancement, then 

phonons are being absorbed by the quasiparticles. Why no gap enhancement 

ensues is a mystery. One might argue from the other point of view that the 

nuU gap enhancement in the presence of PAT means that RF couples the 91ms 

together but is not necessarily absorbed in the test film. Why there is substan

tial ig enhancement is a mystery. The absence of microwave gap enhancement 

in a narrow. Ginsburg-Landau superconductor should be sufficient evidence 

that inhomogeneous current flows are not responsible for the lack of gap 

enhancement in so many other experiments. 



CHAPTER 5 

CONCLUSIONS 

I have described in detail some recently completed experiments which 

measure the enhancing influence of microwave frequency ultrasound on super

conducting aluminum. The measurements have been mostly of two types: criti

cal current enhancements in long narrow microbridges and gap enhancement 

as detected by SIS quasiparticle tunneling. Near the transition temperature 

and for sufficiently narrow strips, the equilibrium relationship between ic and 4 

is well known theoretically and is reconfirmed here. In this Ginsburg-Landau 

regime, ic and 4 are both parametrized by the order parameter, •i; and when we 

say that measurements of either ic vs. T/ Tc or 4 vs. T/ Tc agree with theory, 

what we really mean is that our understanding of the connection either 

between ic and •$ or 4 and * is confirmed. Thus the determination of ie and 4 

represent two different views of the order parameter •&. In the work described, I 

have examined ic and 4 out of thermal equilibrium and tried to compare the 

results with predictions of a GL-type theory that has been extended to allow for 

the nonequilibrium distribution function induced by the perturbing phonons. 

As they do in equilibrium, these comparisons test our understanding of the con

nections between either ir and 4, or \ , two manifestations of +. 

I described a theory (and its limitations) of two parameters, a power 

parameter B and a heating parameter ft. Both parameters may be estimated 

from known material properties or auxiliary measurements. I plotted the 

enhancements [6T/TC ]vs. T/Tc: and finding the shapes and magnitudes of 

those curves in accord with predictions of the theory, I tried to Qt the data to 

133 
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the theory, thereby extracting values of B and h that could be compared with 

the a priori estimates. 

It was discovered that in order to get a satisfactory fit of the gap enhance

ment data over a wide range of temperatures and applied power, the high power 

data must be discarded. The high power dependence of the measured enhance

ment could not be fit with realistic values of B and A. From our a priori esti

mates, B{0 dB)«0.07 and A=1.3 for a 100 nm film. The high power data required 

values of B as large as 3=0.45 and A =3.6. whereas if only the low power data 

were considered, we found typical values 0.0\AB{0 dB)i0.15 and l.ZshsZ.0. 

Because of the uncertainties in the calculation of the ultrasonic transduction 

efficiency, this range of B(0 dB) is entirely plausible. Similarly, the observed 

range of A is comprehensible, given the model used to calculate it. 

An equivalent way of expressing the failure of ILE to fit the high power data 

is to say that the measured gap enhancement rolled off, or saturated, at lower 

power than predicted by ILE. If one looks at the predictions of gap enhance

ment made by Chang and Scalapino. one finds that their predictions too roll off 

for flsO.005, 10 times lower power than do ILE's for a similar choice of parame

ters. From my own measurements, supported by the results of Chang and 

Scalapino, I take the point of view that agreement with the ILE theory may only 

be obtained at low power. In the tables of Appendix C, the power (referred to 

maximum) at which the fit was made is listed for each sample. Results obtained 

at 0 dB are suspect therefore, particularly with regard to the value of B. The 

A's found at 0 dB are roughly the same as those found at lower power, which is 

the same as saying that lines of [ 477 Tc ] vs. T/ Tc at constant B are roughly 

the same shape, independent of B. 
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Gap enhancement neasurements were made on two different types of sam

ples, wide ones. (200-350 pim)*. and narrow ones. (10 x 350 jim?). The narrow 

ones revealed more gap enhancement, ([ ST/ Te ] = -(0.02-0.03) at 0 d3 and 

Tc = 0.985-0.993), than the wide ones, ([ ST/ Te ] = -(0.007-0.020). maximum). 

Also, narrow junctions seemed to have a consistently flatter temperature 

dependence than the wide ones. This latter effect may be attributed to a lower 

Xapitza resistance or /i in the narrow samples. We have no understanding of 

how that might obtain, but I found an average Kapitza resistance cf 2.7 cm 2 K 

W _ 1 for narrow sampies and 3.6 cm 2 K W"1 for wide ones. It is also true that for 

constant input power, a lower Rg or h is consistent with larger enhancements. 

In a few instances we made measurements of the heating of the junction at 

T^Te. We may extract from these measurements the quantity £(71-0.63):// Tc 

and compare that with 5/«(/ i /«-0.63)i / / Te. In order that Bfit accurately 

represents the input power, 5 / u ( 0 >*B) must be obtained by scaling upwards the 

B obtained by fitting at low power. If this is not done then for the reasons men

tioned earlier Brit(0 dB) will be low. The results of this comparison are given in 

Table III and Appendix C. There were only two junctions, one wide and one nar

row, whose fit and measured heating above Tc could be compared sensibly. 

Sample W7, I fit at -10 dB and found /i = 1.98 and 5(0 dB)=0.164. From the 

acoustic mismatch model for the Kapitza resistance and other measurements of 

the Kapitza resistance, we guess ^ , , ^ , = 1.78, and our a priori estimate of the 

acoustic power is 5(0 dB)=0.07. The measurement of heating gave 

[ ST/ Tc ]j->r_=0.070 and our fit expression for the heating is 5 ^ ( 0 

d3)( / i / < ( -0.S8)! / /T c = 0.070. From just the theoretical guess we get 

^.ssCiiAiory-O-SS)!// Tc = 0.026. The other sample Nl we fit at -tO dB and found 

7i = 1.66 and 5(0 dB)=0.22. Because this film is thinner than W7, we get 

'>iA,orv = l-29. °ut 5JU.MS0.070 as before. The measured heating was 

http://5ju.mS0.070
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{ 6T/ Te ]7 > j i =0-051i.010 and the lit heating is 0.069. Just from the guess 

values of 3 and h we get O.OSO. Given the uncertainties involved.'1 3! the accord 

of theoretical estimates and two independent experimental measurements ( 

heating and enhancement) is quite good. 

Critical current measurements were made on narrow strips etched from 

the Al films and exposed to the same phonon flux and heating conditions. They 

showed a markedly different magnitude (several times larger, 

[ <57V Te ] =-{0.04-0.03) and temperature dependence (much flatter) of the 

gap enhancement or cooling. The theory does not predict that such differences 

should occur, although it does predict some differences. This points to the 

conclusion that we fail to grasp the connection between i c and ~i in this none-

quilibrium situation, even though it seems we can make the connection between 

A and "i in this situation and even though in equilibrium we understand all the 

connections between i j , A. and •%. It is a rare circumstance that we can make 

nonequilibrium measurements of functions of the order parameter. Critical 

current measurements were essentially identical in wide and narrow samples 

(as they should have been). Since the gap cooling in the narrow case is larger 

and flatter than in the wide case, gap and critical current cooling are here in 

closer agreement than in the wide case. Nevertheless they are not Ln agree

ment. It is arguable whether the better agreement between theory and experi

ment is found for wide or narrow junctions. 

Some brief measurements of the microwave induced enhancement of i c 

and A corroborate the results of the phonon experiments, experimental 

difficulties of photon-assisted tunneling and theroretical considerations (Mooij 

and Klapwijk. 1982) notwithstanding. 1 was always able to detect considerable i^ 

enhancement at microwave powers which produced essentially no gap enhance-
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ment in the same sample. This result is not new, but one may always speculate 

that the absence of an effect (particularly one proved to be intermittently 

detectable) is the result of some limitation of the experimenter or the sample. 

The samples on which 1 made these microwave measurements were the same 

ones on the same cool-down in the same cavity etc. as the samples on which I 

made successful determinations of gap enhancement. 

Gap enhancement and critical current enhancement by phonon irradiation 

have been seen for the first time' 1 8'. Some agreement is found with the theory 

of Eliashberg (1LE). The discrepancies suggest that some physics is missing 

from our understanding of critical current enhancements, in both the 

microwave and the phonon case. 



APPENDIX A 

NOTATIONS COMPARED 

There is no s tandard notation among the papers written in this field. The 

most important quantities are what I've called 3. the power parameter, and 

[ ST/ Tc ], which I've called the cooling, the gap enhancement, or even the heat

ing if it is positive. The cooling is the best quantity with which to identify the 

enhancement, as it falls naturally out of the theory and it is not divergent. 

Eckern. Schmid. Schmutz. and Schon (1979) call the negative of the cooling 

"the gap control" and give it the symbol x- They call it the gap control because 

it amounts to an inhomogeneous term in the GL equation, and such a term con

trols the deviation of the gap from its equilibrium value. Mooij (1931) calls it 

the cooling and uses the symbol <5 e i p, which is a perfectly good symbol. For the 

purpose of suggesting the fact that the cooling represents a change in the 

reduced temperature, I chose [ ST/ Tc ]. enclosing it in brackets to indicate 

that it is a single symbol. Positive [ ST/ Tc ] means heating, which is intuitive, 

and positive x means enhancement. 

The power parameter also is a problem when comparing results of different 

discussions (mostly theoretical). ESSS use B for reasons I discussed in the 

text. Mooij (1981). following 1LE. uses 0 / 7 where o = Au

2 Ze*D/Tlcz is related to 

the rate of energy uptake from the microwave field Aa. D=vFL/3, and 

y = 71/ -£. It is awkward to relate a / 7 to 3 by comparing terms, but if one goes 

back to the derivations of the nonequilibnum distribution functions, it is trivial 

to show that 
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The same problem arises for the Chang and Scalapino (1977) power parameter 

A, but by the same r .eans one finds 

3 = 8.1X10-'A (-%-) . 

Note that this i different from the result given by Mooij (19B1). 

a/7 = 1.09x10-* A. Finally in a recent paper by Cirillo et al.. (1982) they intro

duce the new quantities Q„ and Qi such that 

B = j Q. j - rB = 2.98X10"2 j - <?, . 

Without doubt B is the best choice, because it is not specific as Lo whether the 

drive is by phonons, microwaves, or injected quasiparticles, because it is essen

tially the deviation :>f the distribution function near the gap edge, and because 

it is easy to understand B in terms of Ng, the normal state rate of uptake of 

radiation (see Chapter 3). 



APPENDIX B 

A TABLE of CONSTANTS 

or, 
Useful things to know about aluminum 

Property Value Reference 

Hulk properties 

Lattice spacing 4.05 Angstroms Ashcroft and Mermin 
(1975) 

Atomic weight 26.932 TTip •• 
(FCC) 

Atomic number 13 • • 

Fermi velocity 
Vp 2.03xl0 8 cm sea'1 •• 

Free electron 18.1xl0 ?" cm" 3 » 
density, N 

Single spin 
density of states, N(0) 

2 . 3 2 x l 0 2 Z e / - 1 am'3 " 

Meta'iic 2.663m cm'3 •• 
density 

Longitudinal 6.65xl0 5 cm sec" 1 Simmons and Wang 
speed of sound 

=1 

(1971) 

Coherence length 1 6x10"* cm Klapwijk et al. 
(1977) 

Critical field 8xl03A m" 1 » 
ffc(O) 

London penetration l .BxlO - 8 cm • • 

depth, Xi(0) 
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Resistivity, p 
(phonon limited, 300 K) 

2.72 ,uf) cm FicScstt 
(1971) 

9xlO" I Z f! c m 2 

Thin film properties 

(clean evaporation) 
1.23-1.30 K measured 

T. 
(dirty) 

1.6-1.9 K 

(clean) 
12 nsec Chi and Clarke 

(1979a) 

(dirty) 
a 1.2 nsec " 

mean free path, I, 78 nm measured 

" 3 C 0 
(clean) 

measured 

" 3 C 0 

mean free path, I, 
(dirty) 

1 nm Chi and Clarke 
(1979a) 



APPENDIX C MATERIAL PARAMETERS AND ENHANCEMENT DATA FOR JUNCTIONS 

SAMPLE AREA THICKNESS RJ Tc< Tc> 
(pm2) (nm) (0) K K 

„1 (a) (200 - 300) 2 200 0.33 1.31 1.80 
W2 210 1.26 1.274 2.11 
W3 100 8.5 1.330 1.90 
W4 100 0.95 1.33 1.86 
W5 140 x 150 100 19.1 1.261 1.91 
U6 240 x 250 100 6.1 1.256 1.91 
W7 330 x 360 185 0.27 1.212 1.62 
N1 10 x 360 100 4.3 1.264 1.86 
N2 10 x 360 100 10.0 1.252 1.93 
N3 100 8.6 1.251 1.92 
N4 100 9.6 1.234 2.05 

(a) Inverted configuration. Unlike all other junctions, this one had its test (clean) film against the quartz substrate/transducer. 



ENHANCEMENT DATA/WIDE JUNCTIONS 

SAMPLE y (h«/kBT c) 
POWER 
OF FIT B h f i t theory Bhv/Tc B(OdB) 

HEATING*8' 
FIT MEASURED R (b) 

KK,f1t 

ENHANCE-
MENT(d) 
[ « T / T C ] 

(6Hz) (dB) do"3) do"3) do' 3) (10" 3) (10" 3) cm Ku do-3) 
Wl 9.01 0.328 - 9 5.56 1.21 1.97 2.20 44.2 7.7 1.1 - 7.5 

W2 8.87 0.333 - 5 3.79 1.60 1.99 2.02 12.0 3.7 1.9 - 8. 

W 3 ( c ) 8.83 0.317 -10 1.26 1.37 1.33 0.55 12.6 2.8 2.8 - 6. 

W4 9.26 0.333 -10 1.37 1.60 1.33 0.72 13.7 4.2 3.8 - 4.2 

U5 8.88 0.337 - 6 6.2 1.91 1.30 3.99 15.6 6.5 4.2 - 7.0 

W6 9.63 
8.91 
8.69 
8.35 

0.372 
0.344 
0.331 
0.323 

0 
0 
0 
0 

6.9 
13.6 
12.6 
23.3 

1.57 
2.23 
2.01 
2.53 

1.30 
1.30 
1.30 
1.30 

4.0 
10.4 
8.3 

19.0 

6.9 
13.6 
12.6 
23.3 

2.3 8 
7.2 16 
5.6 

13.9 28 

3.9 
6.7 
5.8 
8.0 

- 5. 
- 6. 
- 7. 
- 8. 

W7 9.78 
8.99 
8.46 
8.43 

0.3B6 
0.355 
0.334 
0.333 

0 
0 
0 

-10 

21.7 
31.2 
21.0 
16.4 

1.25 
1.52 
1.27 
1.96 

1.78 
1.78 
1.78 
1.78 

10.5 
16.8 
9.0 

10.7 

21.7 
31.2 
21.0 

164. 

4.8 25 
9.2 47 
4.1 27 

70 70 

1.4 
2.0 
1.4 
3.1 

-15. 
-17. 
-14.5 
-17. 

' a'The heating we define to be B(OdB)(h - 0.68)v/T . It Is what 1s measured above T 
(b) 
(c) 
(d) 

Our best estimate of R., from material properties 1s 2.7 cm Km" 
The phonons in this measurement were transverse phonons. 
T/T c » 0.98, power = OdB. 



SAMPLE V (lw/k BT c) 
POWER 

OF FIT B 

(6Hz) (dB) OO" 3) 

N1 8.6 
9.66 

0.328 
0.368 

-10 
- 4 

21.6 
11.0 

N2 8.81 0.337 - 6 9.8 

N3 8.86 0.339 0 52.9 

N4 8.81 
9.94 

0.341 
0.386 

-10 
-5 

10.2 
16.6 

T/T c * 0.98, power = OdB. 

ENHANCEMENT DATA/NARROW JUNCTIONS 

h f i t theory Bh\>/Tc B(0dB) 
HEATING 

FIT MEASURED R K , f i t 

ENHANCE
MENT^) 
C«VTC] 

do' 3) do"3) do - 3 ) do - 3 ) cii^Bo"1 (10" 3) 

1.66 
2.00 

1.29 
1.29 

11.7 
8.1 

216. 
27.6 

69. 
13.4 

51. ± 10 4.3 
5.7 

-29. 
-14. 

0.80 1.29 2.6 39.2 1.7 0.5 -15. 

1.33 1.30 23.8 52.9 11.7 52. 2.8 -26 

0.92 
1.04 

1.28 
1.28 

3.2 
6.7 

102. 
52.5 

8.4 
7.3 

42. 
20. 

1.1 
1.6 

-26 
-29 
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For number sequence only. 



A P P E N D DC D MATERIAL I 'ARAAtETE K S A N D i E N H A N C E M E N T DATA F O R NARROW ST 

SAMPLE WIDTH THICKNESS R 3 0 0 / R T C 

y ' T c 

MAXIMUM T c 

ENHANCEMENT 
JUNCTION 

TYPE 
MAXIMUM GAP 
ENHANCEMENT 

(pm) (nm) do'3) (io - 3) 
1 5 210 3.0 0.33 -40 wide (W2) -8 

2 5 190 2.5 0.33 -38 

3 3 100 2.5 0.34 -40 

4 10 50 - 100 2.6 0.35 -19 

5 10 100 2.4 0.34 -35 

6 10 100 2.65 0.33 
0.37 

-65 
-20 

narrow(NI) -29 
-14 

7 10 100 4.0 0.34 -58 

8 10 100 3.2 0.34 -37 narrow(N2) -15 

9 10 100 2.4 0.39 
0.34 

-38 
-45 

narrow(N4) •30 
-28 

10 10 100 4.3 0.33 -78 

l l < a > 10 150 1.25 0.25 - 5 

12 10 410 3.0 0.32 -15 

* a 'This strip was doped with 0«. T = 1.7K, <S,0Q * 20|jf! - cm. 



FOOTNOTES 

(1) Phonon trapping labels the problem caused by recombination or scat tered 

phonons tha t s tay in a sample, do not escape to the bath, and may be reab

sorbed. It is akin to complications caused by multiple scattering in other 

systems. 

(2) It is a great aid in computations to realize that since u need never be very 

large and tha t G(u) is smooth for u > )£, G(u) may be well approximated by 

a simple function which is calculated easily. In the phonon case the 

approximation 

C{u) = exp ( A, + AJnu + As(lnu)z ) 

A,= 0.47S9. ,4, = -0.7638, Az = -0.0749 

fits the exact G(u) for % < 5 with an accuracy of bet ter than IS. 

(3) Actually, this calculation yields a [ ST/ Tc ]„. which is bigger than the one 

quoted. ESSS cut it down to size by invoking the results of some more 

exact studies, which differ by a factor, but not in spirit. 

(4) ine pulse circuitry for this TWT was designed and built by Robert Wilson, 

and is described in his thesis (1981). Some small changes were necessary 

and the schematic is shown in Fig. 3. 

(5) Obtained from Valtec Inc. 

(6) Measured by time of flight in this experiment. According to Simmons and 

Wang (1972) c ( = 6.09x10 s cm/sec. The measure transverse speed of sound 

is c, = 3.2x10 s cm/sec . 
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(7) Full microwave power delivered to the cavity is * 600 W. This is treasures. 

by monitoring the current through the heater in the bath. All other fac

tors being equal, to maintain a given bath temperature, the beat input Q to 

the bath must be the same whether the microwaves are on or off. Thus 

Qntai = Q,*// = Q*m, + P„xDuty factor . 

The heater power (Z2./?) and duty factor are measured easily, and so there

fore is Pp. The TWT probably put out more than 1000 ff. but a few dB was 

lost in the transmission through a score of flanges and bends and couplers 

and connectors. 

(B) Another variable enters the fitting problem at the highest powers. One may 

contrive to include the second order Kapitza resitance in ILE by making a 

transformation like 

Bh *r~BK J - l l - U J * £•) • 

For sufficiently low power, meaning B h v/ Tc = [ ST/ Tc ] h<0.01, the pres

ence or absence of the extra term has a negligible effect on the enhance

ment. As [ST/. Tc ]„ grows to a 5%, the contribution is significant and 

because of its sign, the heating becomes less important and the predicted 

enhancement grows, i.e. it does not saturate as quickly. The disparity is 

not gross at values of [ ST/ Tc \ obtained by temperature-fitting. In order 

to mimic the observed saturation of the enhancement at high powers, it 

was necessary to eliminate this extra term. Since we are going to disre

gard the numerical values obtained by the power-fits, this is not a terribly 

important point and it does not comment on the validity of that correction. 

Reiterating the conclusion, at relevant values of the heating [ST/TC ] A , 

the second order Kapitza term does not have a marked effect on the pred-
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ictions of 1LE. 

(9) It is an intensive parameter in the thermodynamic sense. 

(10) For alumimum pc = 1.9x10' gm cm" 2 sec" ' , and for liquid helium 

pc a 3.4x10 s gm cm" 2 sec" 1 , (Wyatt, 1991). 

(11) The narrowest strips that I made were 3 i±m wide and were prepared on 

glass slides. They obeyed GL for T/ Tc > 0.33. My photolithographic tech

nique improved with time, providing me with sharper lines, which were 

correlated with improved low temperature behavior. 

(12) Recall tha t most of the incident phonon energy is not absorbed in the Al 

films but is reflected at the LEe and returns to the other end of the crystal 

where it is reflected again and then incident on the films, etc. 

(13) This is not !g. It is t,, a pulse of primary transverse phonons which the cry

stal manufacturers claim should not be present. However, their time of 

flight is their signature. It is probably cracks in the crystal surface which 

are responsible for their presence. Different crystals revealed them to 

different extents. In the gap experiments where AV vs. time could be moni

tored on an oscilloscope, their presence was unmistakable. Some gap data 

was taken for 11, with no substantial differences discovered. The theory is 

written for L-phonons but since the absorption mechanism is essentially 

\ he same (Ginsburg, 1969) the enhancement mechanism will be the same. 

(14) "Normal" in this sense only implies the vanishing of the hysteretic return 

current . 

(15) An example of one of the uncertainties, for instance, is T£, which varies by 

a factor of 4 throughout the literature. We have used the canonical Clarke 

group value 7^=12 ns. The relaxation time enters the calculation for our 

guess of both 3 and h, but it cancels when one takes the product 
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B(h-Q.6B)u/Tc. 

{16) Tredwell and Jacobsen (3975 and 1978) did not measure either of these. 

Instead they measured the enhancement of a Josephson-like tunneling 

current. 



REFERENCES 

(1) Anderson, A.C., 1981, The Kaptiza thermal boundary resistance between two 

solids, in "Nonequilibrium Superconductivity. Phonons, and Kapitza Boun

daries", K.E. Gray ed.. Plenum Press, New York. 

(2) Anderson. P.W. and A.H. Dayem. 1964. Radio frequency effects in supercon

ducting thin film bridges. Phys. Rev. Lett , 13:195. 

(3) Ashcroft, N.W. and N.D. Mernun. 1976, "Solid State Physics", Kolt Ricehart 

and Winston. New York. 

(4) van Attekum. P.M.Th..M.. and J.J. Ramekers, 1982, Comparison between the 

enhancement by microwaves of the critical current and of the order-

parameter in superconducting aluminum, SSC. 43:735. 

(5) Chang, J.J. and D.J. Scalapino, 1977, Gap enhancement in superconducting 

thin films due to microwave irradiation, J. Low Temp. Phys., 29:477. 

(6) Chi, C.C. and John Clarke, 1979a. Quasiparticle branch mixing rate in 

superconducting aluminum, Phys. Rev., B19:4495. 

(7) Chi, C.C. and John Clarke, 1979b, Enhancement of the energy gap in super

conducting aluminum by tunneling extraction of quasiparticles, Phys. Rev., 

B20:4465. 

(8) Cirillo, N.C., W.L. Clinton and J.R. Waterman, 1982, Kinetic equation study of 

phonon induced nonequilibrium states in superconducting films, Phys. 

Rev.. B25:5698. 

(9) Cheeke, J.D.N, K. Ettinger and B. Kebral, 1976. Analysis of heat transfer 

between solids at low temperature. Can. J. phys., 54:1749. 

150 



151 

(10) Coleman, R.V., ed., 1974, "Methods of Experimental Physics v. 11", Academic 

Press, New York. 

(11) Dahlberg, E.E., R.L. Orbach and I.K. Schuller, 1979, Microwave-induced 

effects on superconductors, /. I/rw Temp. Phys., 36:367. 

(12) Dayem, A.K. and J.J. Wiegand. 1967, Behavior of thin-film superconducting 

bridges in a microwave field, Pkys. Rev.. 155:419. 

(13) Dayan, Moshe, 1978, Tunneling measurements in crystalline and granular 

aluminum, /. Low Temp. Phys., 32:64-3. 

(14) Deutscher, G., K. Feinchel, M. Gershenson, E. Grunbaum and Z. Ovadyahu, 

1973, Transition to zero dimensionality in granular superconducting films, 

J. Low Temp. Pkys.. 10:231. 

(15) Dmitriev. V.M. and E.V. Kristenko, 1978, Stimulation and enhancement of 

superconductivity by electromagnetic radiation, Sov. J. Low Temp. Phys., 

4:387. 

(16) Entin-Wohlman, 0., 1981, Effect of microwave radiation on the critical 

current in dirty superconductors, J. Low Temp. Phys., 43:91. 

(17) Falco. CM., T.R. Werner and I.K. Schuller, 1980, Tc Enhancement ?, SSC, 

34:535. 

(13) Fickett, 1971, Aluminum; A review of resitive mechanisms in aluminum. 

Cryogenics. 11:349. 

(19) Gagnepain, J T. and R. Berson, 1975, Nonlinear effects in piezoelectric 

quartz crystals, in "Physic :oustics", Warren P. Mason, and R.N. Thurs

ton, ed., Academic Press, Nt fork. 

(20) Ginsburg. D.M., 1969, Nonequiiibrium properties, in "Superconductivity," 

R.B. Parks, ed.. Marcel Dekker, Inc.. New York. 



152 

(21) Gray, K.E., 197B, Enhancement of superconductivity by quasiparticle tun

neling, SSC. 33:633. 

(22) Gray, K.E., 1961, Tunneling: A probe of nonequilibrium superconductivity, 

in "Nonequilibrium Superconductivity, Phonons. and Kaptiza Boundaries". 

K.E. Gray ed.. Plenum Press, New York. 

(23) Kail, J.T.. L.B. Koldeman and R.J. Soulen. Jr., 1980, Microwave enhancement 

of superconductivity in aluminum tunnel junctions, Phys. Peru. Lett., 

45:1011. 

(24) Koldeman. L.B., J.T. Hall, D. vanVechten and P..J. Soulen, Jr., 1931. Gap 

enhancement in aluminum tunnel junctins coupled to microstrip resona

tors, Physica, 108B:827. 

(25) Kolt, V.E., 1966 Thermal resistivity at interfaces hetween metal and dielec

tric films at 1.5-4.2 K. J. Appi. Pfiys. 37:798. 

(26) Horstman, R.E., and J. TYolter, 1981, Gap enhancement in narrow supercon

ducting tunnel junctions induced by homogeneous microwave currents, 

Phys. Lett. 82A:43. 

(27) Korstman, R.E., J. Wolter and E.J. Bartels, 1981. Current voltage charac

teristics of small superconducting tunnel junctions under microwave irrad-

ition, Physica, 108B:333. 

(28) Hunt, T.K. and J.E. Mercereau. 1967, Quantum Phase correlations in small 

superconductors, Phys. Rev. Lett., 18:551. 

(29) Ivlev, B.I.. S.G. Lisitsyn and G.M. Eliashberg. 1973. Non equilibrium excita

tions in superconductors in high frequency fields. / Low Temp. Phys., 

10:449. 



t53 

(30) Jacobsen, E.H., 1960a, Sources of sound in piezoelectric crystals, JASA. 

32:949. 

(31) Jacobsen. E.H., 196Db, Experiments with phonons a t microwava frequencies, 

in "Quantum Electronics v.l", C.K. Townes. ed., Columbia Univ. Press. New 

York. 

(32) Kaplan. S.B., C.C. Chi, D.N. Langenberg, J.J. Chang. S. Jafarey and D.J. Scala-

pino. 1976, Juasiparticle and phonon lifetimes in superconductors. Phys. 

,ffei/..B14:4654. 

(33) Kaplan, S.B., 1979, Acoustic matching of superconducting films to sub

strates, J. Low Temp. Phys.. 37:343. 

(34) Klapwijk. T.M., J.N. Van den Bergh and J.E. Mooij. 1977, Radiation stimulated 

superconductivity, J. Low Temp. Phys., 26:385. 

(35) Kommers, Tom, and John Clarke, 1977, Measurement of microwave-

enhanced energy gap in superconducting aluminum by tunneling, Phys. 

Rev. Lett., 38:1091. 

(36) Landolt-Bornslein, 1969 "Numerical Data and Functional Relationships in 

Science and Technology, New Series, Group III, v.2", K.-H. Keliwege ed., 

Springer-Verlag, Berlin. 

(37) Langenberg, D.N., 1975, Nonequilibrium phenomena in superconductivity, 

in "Low Temperature Physics LT14", H. Krusius and H. Vuorio, eds.. Vol. V 

223, North Holland. Elsevier. 

(38) Lax. E.. 1959 help!! 

(39) Lindelof, P.E., 1976. Microwave-enhanced critical currents in supercon

ducting microbridges by the electric-field induced quasiparticle pair ine-

quilibria, SSC. 13:283. 



354 

(40) Little, W.A.. 1959, The transport of heat between dissimilar solids at Zz-w 

temperatures . Can. J. Phys. 37:334. 

(41) Lounasmaa, O.V., 1974. "Experimental principles and methods below I K". 

Academic Press, New York. 

(42) Mooij, J.E., 1931, Enhancement of superconductivity, in "Nonequilbrium 

Superconductivity. Phonons, and Kapitza Boundaries", K.E. Gray ed- Ple

num Press. New York. 

(43) Mooij. J.E. and T.M. Klapwijk, 1982, Nonlinear electrodynamics in 

microwave-stimulated superconductors, (prepri-.t). 

(44) Pals, J.A. and J. Dobben, 1979, Measurements of microwave-enhanced 

superconductivity in aluminum strips, Phys. Rev., B20.-935. 

(45) Pals, J.A. and J. Dobben, 1980, Observation of order-parameter enhance

ment by microwave irradiation of a superconducting aluminum cylinder, 

Fhys. Rev. Lett., 44:11*3. 

(46) Pippard. A.B., 1955, Ultrasonic attenuation in metals. Phil. Mag. 46:1104. 

(47) Romijin, J., T.M. Klapwijk and J.E. Mooij, 1981. Critical pair breaking current 

in superconducting films below Tc, Physica, 108B:981. 

(4B) Rose-Innes, A.C., 1973, "Low Temperature Laboratory Techniques". Crane 

Russak and Co., New York. 

(49) Schmid, A., 1977, Stability of radiation-stimulated superconductivity, Phys. 

Rev. Lett.. 38:922. 

(50) Shapiro, S., 1963, Josephson currents in superconducting tunneling: the 

effect of microwaves and other observations, Phys. Rev. Lett.. 11:30. 

(51) Simmons, G. and K. Wang, 1971, "Single Crystal Elastic Constants and Cal

culated Aggregate Properties: A Handbook, 2nd Ed.", MIT Press, Cambridge. 



I I S 

(52) Skocpol. W.J., 1976, Critical cur rents of supercoaduct ia j szcTotnigis. 

{toys. Rev.. Bl*:1045. 

(53) Smith, A.D.. W.J. Skocpo! and M. Tinknam, 19BC. QuasiparUcle energy ais in-

bution in optically illuminated Al-PbSi superconducting tunnel jjr.c'.isr.s. 

Phys. Rev., Spages. 

(54) Solymar, L, 1972. "Superconducting Tunnelling and Applications". Tfiley-

Interscience, New York. 

(55) Tien. F.K and J. Gordon. 1963. Multiphoton process observed in the 

interaction of microwave fields with the tunneling between superconductor 

films. Phys. Rev., 129:647. 

(56) Tinkham, Michael. 1975, "Introduction to Superconductivity", McGraw-Hill, 

New York. 

(57) Tredwell. T.J. and E.K. Jacobsen. 1975, Phonon-induced enhancement of the 

superconducting energy gap, Phys. Rev. Lett., 33:244. 

(58) Tredwell. T.J. and E.H. Jacobsen, 1976, Phonon-induced increase in the 

energy gap of superconducting films. Phys. Rev., B13:2931. 

(59) Wang, E.Y. and K.A. McCarthy, 1969, Ultrasound attenuation in single-

crystal aluminum, Phys. Rev., 133, 653. 

(60) Weiss, Kurt, 1981, Current dependence of gap enhancement by microwaves, 

Phys. Lett., 82A.-423. 

(61) Willemsen, H.W. and K.E. Cray, 1978, Distribution function in nonequilibrium 

states of a superconductor, Phys. Rev. Lett., 41:312. 

(62) Wilson. R. I960. Ph.D. Thesis, VC Berkeley, unpublished. 

(63) Wyatt. A.F.G.. V.M. Dmitriev, W.S. Moor and F.W. Sheard. 1966. Microwave-

enhanced critical supercurrents in constricted tin films, Phys. Rev. Lett., 



its 

16:1168. 

(64)Wyatt, A.F.G., 1981. Kapitza conductance of solid-Hquid Ee interfaces, ia 

"NonecuiHbrium Superconductivity. Phonons. and Kapitza Eoundaries". 

K.E. Gray ed.. Plenum Press. New York. 


