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     The impulsive response of an S—I—S tunnel junction of Sn has been investigated by means of the 
 a particle irradiation. From the pulse-height dependence of electric signals induced by a particles 

 on the electric current through the junction and on temperature, we have found that the production 
 of excess quasiparticles is essential to the impulsive change in the current-voltage (I—V ) characteris-
 tics. A simple model is proposed for the qualitative explanation of the observed result. 
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                           INTRODUCTION 

   The experiment by Testardil) in 1971 on the destruction of superconductivity 
with laser light should be noticed as an important step of investigations to the micro-
scopic behavior of superconductors under an external influence. In the work, he 
used Pb films of thickness comparable to the optical penetration depth and less than 
the superconducting coherence length, and found that an electric resistance was 
produced in the films by the laser light irradiation. The observed rapid changes of 
state could not account for simple lattice-heating effects, and were considered to be 
an electronic phenomenon. To explain the observed appearance of electric resistance, 
he proposed that the electron gas was heated from 3 to 18 K above the lattice tem-

perature. 
    In the following year, Owen and Scalapino2) developed a model for a super-

conductor under an external dynamic pair-breaking influence. In this model, they 
considered that the recombination time of quasiparticles is much greater than the 
characteristic scattering time. For this reason, the lattice and electron gas are both 
treated at the same temperature (lattice temperature), and thus the energy distribution 
of anomalously large population of free electrons is still characterized by the lattice 
temperature. By introducing a new parameter which represents the number of excess 

quasiparticles, they calculated the change in the energy gap as a function of tempera-
ture and excess quasiparticles. Their theory predicted the possibility of the first-order 

superconducting transition under an external influence. The above prediction was 
followed by several experimental studies,3-6) by which the decrease in the energy gap 
was found when superconductors were perturbed by an external influence, but ob-
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servations of the first-order transition were not successful. 
   For example, Sai-Halasz et a1.4) investigated nonequilibrium effects in super-

conducting Sn films under an external influence. They used microwave reflectivity 
as a probe of the quasiparticle density. For weak pair breaking, their results were in 
good agreement with theory and effective quasiparticle recombination time was 
determined. But for strong pair breaking, instead of the expected first-order transition 
to the normal state, they found a partially dc-resistive state in the superconductor. 

   There are only a few studies on the effect of dynamic pair-breaking using a 

particles, and these are all before Testardi. In 1949, Andrew et a1.7) reported the 
possible use of bulk superconductor as an a detector. Applications of superconducting 
films to particle detectors were proposed by Sherman.8) More recently, Spiel et a1.9) 
observed the superconducting-normal transition caused by a particles in thin films of 
Sn and In The films used are narrow and an electric current near the critical value 
is flowing. Therefore, when a particles are irradiated on the strip, the full width of 
the sample makes transition to the normal state, and this transition is observed by the 
IR drop. The other is the work by Wood and White,1°) who first observed the 
electric pulses induced in a superconducting tunnel junction by a particles. They 
used a crossed-film Sn junction (—.2000 A) with an insulating oxide layer (-10 A), 
and the junction was bombarded by a particles from a 239Pu source. From an analysis 
of the induced pulses, they have proposed the possible application of a superconducting 
tunnel junction to nuclear spectrometry. 

   The response of a superconducting tunnel junction to incident charged particles 
is of interest from the view point of microscopic behavior of superconductors under the 
dynamic pair-breaking influence. In the present work, we measured the impulsive 
change caused by a particles in I-V characteristics of an S-I-S tunnel junction of Sn. 
Generally speaking, there are three possibilities for explanations of the impulsive 
change : (a) Ionization spikes are produced in the insulating oxide layer of the 
sample when charged particles pass through it. (b) The localized superconducting-
normal transition occurs due to the increase of temperature. (c) The excess quasi-
particles are produced by a-particle irradiations. Observed spectrum in this work 
indicates that the excess quasiparticles are essential to the production of electric signals. 
Details of the experimental procedure are presented here and some qualitative explana-
tions of our results are also attempted. 

                         EXPERIMENTAL 

   An S-I-S tunnel junction was prepared by means of vacuum evaporation of Sn 
(99.999%) and glow discharge oxidization. On a glass plate, a Sn film of about 
3000 A was first prepared at the initial pressure of 2 X 10-7 mmHg. During evapora-
tion, the pressure raised to 1 x 10-6 mmHg. After the evaporation, 0.3 mmHg of 
pure oxygen gas was supplied to the chamber. At 600 V, glow discharge oxidization 
on Sn film was continued for about 30 sec. The resultant insulating oxide layer was 
roughly estimated to be 20 A. The chamber was then again evacuated to 2 x 10-7 
mmHg, and the second evaporation of Sn was carried out. The junction thus prepared 
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has total thickness of about 6000 A and area about 2.5 x 10-5 cm2. The I-V charac-
teristics of the junction measured at 4.2 K gave the electric resistance in the normal 
state, Ro, as 27 Q. The sample was always kept below 80 K in order to avoid 
characteristic deteriorations, probably due to thermal diffusion of the oxide layer. 

   In Fig. 1 is shown the block diagram of the measuring system, by which two kinds 
of measurements were performed, i.e., measurements of the spectrum of electric signals 
induced by a particles, and of the I--V characteristics of the junction in thermal 
equilibrium. A multichannel pulse-height analyzer (MCA) was used for measurement 
of the spectrum and an X-Y recorder for I-V curves. The a source was prepared by 
depositing 210 Po on an Ag film (3 mm0, —1000 A thick), evaporated on a Mylar 
substrate. The source was covered by an Ag film (5 mm0, —1000 A thick) to prevent 
contaminations. Details of the a source preparation will appear elsewhere. 
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                     Fig. 1. Block diagram of the measuring system. 

   In the present experiment, a constant current method was adopted. This means 
that by supplying a constant current the induced electric signals are observed as 
changes in the terminal voltage of the junction. In order to ascertain the constancy of 
current through the junction, two 100 kl2 resistors are connected in series with the 
sample. These resistors are much larger than that of the junction, it is reasonably 
considered that the supplied current hold its constancy even when some resistive 
change is induced in the sample. 

   In the measurement of induced electric signals, it is necessary to eliminate the 
background signals. Eliminations of the background contribution from the observed 
spectrum were carried out by comparing two spectra with and without a-particle 
irradiations. For measurements of the background, the source is mechanically re-
moved from the face of the junction. After the measurement of the background 
spectrum, the source is shifted so as to face on the junction. Details of the sample 
room is shown in Fig. 2. The typical pulse count rate was 600 cpm, which is reason-
able from the source strength and the junction-source geometry. Comparisons of 
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        Fig. 2. Details of the sample room. The source (21°Po) position is shifted up and 
               down mechanically through a string. The bath temperature is 1.37-4.2 K. 

two spectra accumulated in the MCA proved that we successfully observed the signals 

produced in the junction by a particles (see below). 
   The I—V characteristics were measured in the temperature region of 1.37-4.2 K, 

where the X—Y recorder was used instead of the MCA. The results will be given 
below. 

                      RESULTS AND DISCUSSION 

   Electric signals induced by a particles were observed with a constant current I 
supplied through the junction. Some typical pulse-height distributions obtained for 
several combinations of I and T are shown in Fig. 3. Solid circles give the spectra 
with a-particle bombardments and open circles are the background obtained after 
removing the source from the junction face. The distributions apparently depend on 
I and T, but the signals caused by a particles can surely be distinguished from the 
background. The reproducibility was confirmed by repeating the up-down shift of 
the source position. 

   As seen in the figure, the pulse-height distributions do not form a single mono-
energetic peak, but spread over a rather wide region. This broadness may be due to 
the following reasons: (a) Since the sample thickness (~6000 A) is much smaller than 
the mean range of 5.3-MeV a particles in Sn, the statistical fluctuation of ionization 
events is relatively large. (b) The incident angle of a particles in the present geometry 
is 0-45°. This results in different path lengths which are sensitively reflected on the 

pulse height. (c) The number of quasiparticles which contribute to the signals de-
pends on the incident position of a particles. 
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       Fig. 3. Typical pulse-height distributions. The measuring periods are, from left to 
             right, 1000, 200, and 500 sec. Solid circles give the spectra with the a ir-
              radiation and open circles are without the source. 

    Taking into account the situation mentioned above, we assume that the maximum 
channel number Cmax in each spectrum corresponds to the expected pulse-height of 
signals under a given condition of I and T. Based on this assumption, comparisons of 
the results under different combinations of I and T were made. It should be noted 
here that Cma= depends on temperature. When temperature goes up, the relaxation 
time of excess quasiparticles becomes shorter, and consequently the pulse width be-
comes narrower, resulting in the decrease of gain in the amplifier. Nevertheless, in 
the present discussion, direct comparisons of Cmax were made taking no account of 
the temperature effect on the pulse width. 

   In Fig. 4 are shown the I—V characteristic curves of the junction in the equilib-
rium state at T. The points designated by A—M indicate I and V where the pulse-
height distributions were measured. Since we concern only with the maximum pulse 
height in each spectrum, the values of Cmax are listed in Table I. We reconsider here 
the three possibilities which may induce the impulsive change in the electric resistance 
of the junction. 

   As to the formation of the ionization spikes in the insulating oxide layer of the 

junction, there is a report by Klein et al.11) They used a silicon dioxide of 3800 A 
thick and 2 x 10-2 cm2 area. Applying 180 V, they irradiated the sample with fission 
fragments from 252Cf, and observed the charge flow of about 1 x 10-15 Coulomb. In 
our case, as the electrical potential loaded to the insulating layer is less than 2 mV, the 
electric field is only 0.2% of the above case. Besides, we used a particles, of which the 
specific ionization is only a few % of fission fragments. From the different experi-
mental conditions, we concluded that ionization spikes rarely took place in the present 
case. 

   There is another possibility which causes electric signals in the junction when 
irradiated by charged particles. It is the localized superconducting-normal transition 
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        Fig. 4. The I-V characteristic curves of the junction in the equilibrium state at 

T=1.37-4.2 K. The points A-M indicate the (I, V) combinations where 
                the pulse-height distributions were measured. 

       Table I. Numerical values of some parameters in data analysis. A-M denote the 
               points where the spectra of induced signals were measured (see Fig. 4). 

dVI N  dV T I 
dlNTdlCmax 
         (K) (pA) (12) (pV) 

   A10 17.5 58.5<0.19 
   B5 12.0 20.00.22 
   C4 14.5 19.40.24 
   D 1.37 3 20.0 20.00.28 
   E2 60.6 40.40.40 
  F1 313 1051.00 

   G0.5 971 1620.93 

   H10 16.5 21.1<0.19                     1
.64 I5 17

.0 10.90.23 

   J10 15.0 9.77 <0.19 
   K5 35.1 11.40.25               L88 

  L3 150 29.30.60 
  M1 451 29.40.43 

due to the deposited energy by incident particles. When a small portion of the 

junction makes the phase transition to the normal state, total electric resistance of the 
junction decreases (see Fig. 5). For a constant current I, the expected change in the 
terminal voltage, d V, which corresponds to Cmax, can be expressed by 

GV-I  RsS0(R,-R5)(1) R
SSn+Rn(S-Sn)(dI/dV)RS ' 
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              Fig. 5. Schematic figure of the junction bombarded by an a 

                      particle. Su is the area where the phase transition to the 
                      normal state occurred, and S is the junction area. The 

                    thickness of each tin layer is about 3000 A and the oxide 
                    layer is about 20 A. 

where R8 and R. are the values of VII in the equilibrium superconducting and normal 
states, respectively. S denotes the junction area and Ss is the area which has made 
the phase transition. to the normal state. R. (=27 17) and. S.(=2.5 x 10-5 cm2) are 
evidently constant. According to Spiel et al.,9) Snoc 1/( Tc2— T2), if the heat is not 
shared with the lattice, In the present experiment, T< To/2 and besides data com-
pared are for T=1.37, 1.64, and 1.88 K. It is therefore reasonably considered that 
Su is almost constant for all measurements.. 

   Above discussion suggests that 4V. (or C.) is approximately proportional to 
I (dV/dI) as far as the data at points with an equal value of R8 are compared. As an 
example, we compare Cm8x for [I (pA), T (K )]= (1, 1.88), (3, 1.88), (4, 1.37). All of 
these three points (M, L, C in Fig. 4) lie on the line of R,=280 ,Q. From Eq. (1), the ratio 
of C. should be approximately 1:1:0.1, if the simple superconducting-normal transi-
tion is the case for the production of electric resistance. However, the observed values 
of C. for these points are 0.43: 0.60: 0.24, normalized to Cm,, at point F. From 
this result, it is difficult to attribute the origin of a-particle signals to the localized 
superconducting-normal transition. 

   The third possibility is the change in the I-V characteristics due to excess quasi-
particles. In the semiconductor model, the current I flowing through an S-I-S tunnel 
junction in the thermal equilibrium is given by12) 

g- IEE+eVeCa                  „[E2-4T2'I1/2[(E±eV)2-41,2'11/2 
       X[ .f(E)—.f(E+eV)]]0[IE4                           —T]9[IE+eJJVIdT]dE, (2) 

where G is the normal-state conductance, V is the applied voltage, 24T is the energy 

gap in the equilibrium state at T. f (E) is the Fermi-Dirac distribution function and 
© is the step function. When the sample is irradiated by an a particle, f (E) and 4T 
fluctuate from the equilibrium value, resulting in the change in I-V characteristics. 

   In order to make rough estimations of the change in f (E), we consider a simple 
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model based on the following two assumptions: (a) The number of excess quasi-
particles N produced by an incident a particle is much smaller than that of thermally 
excited quasiparticles NT at T. (b) The distribution function of N has the same form 
as for NT. 

   As to the first assumption, NT is given by 

    _----------1  NT=2N(0)U
aT                     (E2— 41,2)1/2 exp(E/kBT)+1dE(3) 

where N(0) (=2.12 x 1022 cm-3eV-1) is the density of states at the Fermi level for 
electrons of one spin orientation, U is the junction volume (50 pm X 50 pm X 6000 A), 
and k$ is the Boltzmann constant. The numerical values of NT in the present sample 
are 

NT = 0.902 x 108 at 1.37 K 
2.31x108 at 1.64K 
4.27 x 108 at 1.88 K. 

Since the energy loss of an a particle during the passage through the junction is roughly 
100 keV, and the average energy expended by the a particle to excite a quasiparticle 

pair is assumed to be w=3.5 meV, N is estimated as 0.3 x 108. Comparisons of the 
numerical values of NT and N support that the assumption (a) is reasonable. 

   As to the second assumption, we have to take into account that the recombination 
time for quasiparticles to form pairs is much greater than the mean value of scattering 
time. This fact means, as pointed out by Owen and Scalapino,2) that the system is 
in thermal equilibrium although the paired and unpaired electrons are not in chemical 
equilibrium. So we assume that the distribution function of excess quasiparticles can 
be considered to have the same form as for the thermally excited quasiparticles. 

   The above two assumptions permit us to adopt an approximate expression for the 
total quasiparticle distribution as f (E) +o f (E), where of (E) is the fractional change 
in f (E) due to an incident particle. Thus we get the following simple relations: 

f(E)+Sf(E)= NNTN  f(E)for E>(4) 

      1—[f(E)+Sf(E)]= NNTN [1—f(E)]for E< —d(5) 
where 24 denote the energy gap in the state with excess quasiparticles. From Eqs. 

(4) and (5), we get 

af(E)= NT----f(E)for E>G(6) 
_—  N El f(E)],orf E< —d (7) 

   For a uniform nonequilibrium superconductors, Scalapino et al.2,13) found a simple 
relation between d and ZIT 

---- 1-2n,(8) a 
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if the conditions n=N/4N(0) U40(1, T< T,, and T T, are satisfied, where 24 
denote the energy gap in the equilibrium state at T=0. Similar to other excitation 

phenomena like an electron-hole pair production in a semiconductor, we may put 
N=Q/w and w=640, where Q is the energy loss of an a particle in the junction and 
w is the mean energy loss by the particle per excited charge carrier pair. Thus n 

8 x 10-4 for Q=100 keV, and from Eq. (8) we find no appreciable change in the 
energy gap occurs by the production of excess quasiparticles. Henceforth, d is re-

placed by ZIT. 
   The above discussion concerning the fluctuation off (E) and 4, gives approximate 

expression to the change in I given by Eq. (2). We define dI as the induced current 
corresponding to Of (E). 

Case 1: eV<2dr 

dI= 5: g(E)[Sf(E)-8f(E+eV)]dE 
+ f ~r g(E)[6f(E)-6f(E+eV)10(I E+eVI —dT)dE. (9) 

       g(E)— 
            G•[E2-41.2]1/2---------------- [(E+IV)VI                               Ql,rz]i z (10) 

Using Eqs. (6), (7), and (2), we get 

       4I=  N {54—co+1r—eVlg(E)[f(E)—f(E+eV)]dE             NT11TJI 

              g(E)[f(E)—f(E+eV)]dE                  7-1V-C.*TAT 
+ N

Trg(E)[f(E)—f(E+eV)]0(I E+eVI —dT)dE 

  = NI.(11) 

                T Case 2: eV> 24T  

          41=Jr.  1) AT+JdTT eV+ 5T eVl g(E)[6f(E)—Sf(E+eV)]dE 
         NT54T+ SAy + Sid:—eV}g(E)[f(E)—f(E+eV)]dE 

    N -dT_                  g(E)dE 
NT dr—ey 

= NT(I—4).(12) 
   IQ— J-dr g(E)dE.(13) 

dT-eV 

From Eqs. (11), (12), and (13), as a general expression, one gets 

dI= NT----(I—Ia).(14) 
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       IfaT          o= g(E)dE for eV>24T 
4T-ev 

                                        (15) 
      =0for eV<24T. 

    In the present measurements, a constant current was supplied, and the signals 
were measured as changes in voltage, 4V. Thus 

4 V= —dV4I= —NTdI----(I—4).(16) 
In Eq. (16), 4V (or Cm,) is not simply proportional to I, but importance is the dif-
ference between I and /0. The physical meaning of 4 is apparent from Eq. (13), 
i.e., 10 is the current from the energy states under the energy gap in one layer of Sn 
(at T=0, but the energy gap holds at 24T) to the states above the gap in another layer 
of Sn. Hence, for eV <24,, Io is zero, but when eV becomes larger than 24T, Ia in-
creases quite rapidly as V increases (see Fig. 6). This results in the decrease of the 
relative contribution of excess quasiparticles, and consequently 4V becomes smaller. 

I
E 10 

A 

                             AT 

 - °AT- v~~ 
            ___ -eV— — — _ 

j 

     Fig. 6. Density of states in an S—I—S tunnel junction. I is the tunnel current flowing 
           through the junction in the thermal equilibrium, and Ie is the current from 

           the energy states under the energy gap in one layer of Sn (T=O, but the gap 
           is 24T) to the states above the gap in another layer of Sn. 

   The above situation is well observed in the measurements for points A, B, C, and 
D in Fig. 4. The relative values of Cm,,x for these points are <01.9: 0.22: 0.24: 0.28, 
which increase as V decreases (T=1.37 K for all points). A similar explanation can 

be applied when comparisons of CC„„g for points B, I, and K are made. Measurements 
at these points were made at different temperatures, 1.37, 1.64, and 1.88 K. But the 
current was kept constant, I=5 pA. Since the potential V at point B is larger than 
the estimated energy gap 241.37=1.14 mV, the contribution of Io is significant at this 

point. On the contrary, at points I and K, the potential V produced by the current 
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of 5 pA, is comparable or smaller than the energy gap 41.64-^7-'1.12 1.12 mV and 241. 88 
1.10 mV, i.e., the contribution of Iq is small enough or zero. •in these cases. The 
observed values of C,,. for B, I, and K are 0.22, 0.23, and 0.25. As expected from the 
above discussion, for a constant value of I, Cmax becomes larger a s T increases. 

   Now we compare points F and M, where I-1 pA, but T=1.37 and 1.88 K, 
respectively. It is noted that in these points 4=0. Our measurements gave that 
Cmag of F is larger than that of M. From Eq. (16), this is attributed to NT, of which 
the numerical values are given before. 

   As the last example, we compare points D and L, where 1=3 pA, but T=1.37 
and 1.88.K, respectively. As in the above case, 4=0 for both. points. Since NT for 
point D is evidently smaller than that for L, it may be expected that Cm8x for D is larger 
than that for L. However, our observations gave an opposite result, i.e., C,,,ax for D 
is smaller than for L. This opposition can be attributed to the fact that dV/d/ in Eq. 
(16) for D is much smaller than that for L, as given in Table I. 

   In conclusion, our simple model described in this paper well explains qualitatively 
the present experimental results. This leads us to the conclusion that excess quasi-

particles are essential for the impulsive change in the I-V characteristics. 
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