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ABSTRACT 

We report on tests of a prototype detector for 6-keV X-rays, using series arrays of tunnel junctions. Tests 
with higher-energy particles indicate an energy resolution of 4 keV, at 0 3 K and with a warm prc-amp. 
At lower temperatures and with a cooled FET, the resolution should approach 100 eV. 

I. INTRODUCTION 

A number of research groups have explored the use of superconducting tunnel junctions as part'cte detectors.1^ En 
these detectors, the particle's energy, typically 5 keV to 1 MeV, is first transfered to electrons in an absorbing material. 
Eventually this energy produces an excess population of unpaired electrons (quasiparticlcs) in the superconductor, 
resulting in a current pulse through the detector. In some schemes the particle is absorbed directly in the 
superconductor,3* in others, in a superconducting material in contact with the material of the junction,2-9 and, in our 
detector, in an insulaiing crystal (sapphire). 

Conventional detectors for S-keV particles detect ions or valence electrons, with an excitation energy of a few eV. 
Their energy resolution is limited by statistical fluctuations on the number of electrons. In quasiparticle detectors, the 
energy per excited quasiparticle is about 1 meV, so that many more excitations are produced, with a correspondingly 
smaller fluctuation on their total number. A quasiparticle detector with resolution limited only by statistics would have 
a resolution of about o" eV, for 6 keV X-rays. This resolution is in practice quite difficult to obtain. It is difficult to 
couple a low-noise pre-amplifier to these low-impedance devices. It is also hard to obtain a signal height independent 
of position in the detector. 

The highest resolution for 6-keV X-rays has been demonstrated by McCammon and Mosely,10 with a silicon 
bolometer. This device, operating at a temperature of about 0.^'ZO K, measures (he rise in temperature of a small 
silicon cube with an implanted resistive temperature transducer. A resolution of about 12 eV full width at half 
maximum (FWHM) at 6 keV has been demonstrated. This detector, however, has to be maintained at a well regulated 
0.02 K. while tunncl-j unci ion detectors can be operated at higher temperatures, and are relatively insensitive to small 
temperature variations. They can also be manufactured on a varictv of substrates, in a fashion which lends itself la 
large-scale production. It is also not difficult to have a high detection probability for X-rays. These advantages may 
make the tunnel-junction design the most desirable for many applications. 

^.iCElVttJ 
JUN 1 \ 1593 

O S T I 



II . PRINCIPLE OF OPERATION OF THE DETECTOR 

The device discussed in Uiis paper, shown schematically in figure I, is intended to measure Utc energy of X-rays near 
the 6-keV iron line. X-rays are absorbed in a 75-ji-thick sapphire substrate, and tiic resulting heat (phonons) is 
absorbed in an array of tunnel junctions. Tlte interaction length in sapphire for 6-kcV X-rays is about 20 microns. The 
X-ray converts into a 6-ke V electron, which rapidly transfers its energy to other electrons. The electrons eventually 
radiate their energy into the crystal in the form of non-thermal phonons. Most of the 6 keV appears rapidly as non
thermal phonons propagating ilirough the crystal, with energy above the detection threshold of the junctions. 

The phonons are absorbed in tlie aluminum films of the tunnel junctions on one surface of the sapphire crystal, 
perhaps after several reflections from the crystal faces. The tunnel junctions are current biased, as shown in figure 2. 
When energy is absorbed, excess current flows. An integrating amplifier produces a signal proportional to the charge. 

(a) (b) 

X-ray 

Figure 1. 'a) Vertical section through the detector, (b) Layout of 100 junctions in series. 

Some properties of a superconducting tunne! 
junction are illustrated in figure 3. Well below T c , 
most electrons are bound in Cooper pairs. An energy 
of 2d is required to disrupt a Cboperpan; prodefcrmr 
two single electrons (quasiparticles) which tunnel 
tlirough the barrier. This is the current which is 
detected. A tunneling "dark current" caused by a 
small population of thermally excited quasiparticles is 
always present. Cooper pairs can also tunnel through 
the barrier. We suppress this Josephson current by 
applying a small magnetic field, parallel to the plane 
of the junctions. 

The signal expected from this detector is easy to 
estimate. Suppose thai the energy U,, 
of the X-ray is divided among N junctions in the 
array, and lhai 21 energy of 2A produces one 

FicuK'd 3. Energy digram for ;i superconducuiiv; tunnel 
ju IK" lion. 
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Figure 2. Schematic of electronics for detecting pulses from tunnel junctions in series. 

quasrparticle (=half the eneigy goes to low-energy 
phonons). Then the number of quasiparticles in one 
junction is given by 

v 2AN 
(1) 

The excess quasiparticles are available for tunneling for 
a time x the temperature-dependent quasiparticle 
relaxation time. In Al at 0 3 K, x^ = 35 jis. The 
tunneling rale y^ = Ifx^ is easily calculated from the 
transmission coefficient TbB!icr of the oxide barrier, 
which in turn is related to the normal-state resistance of 
the junction. Thus, the charge signal is given by 

Q . = $__£. . (2) 

Figure 4. Noise model for the detector and preamplifier. 

The noise is also easy to calculate. The noise model which 
we use is shown in figure 4. The dominant noise source is the FET voltage noise e„. The frequency band appropriate 
to this signal is a band of width fjic centered at f„t. where (ti£ = Iflm^ For aluminum at 0.3K, i m = 5 kHz. The 
noise gain of the prcamp is g =2^/2^. Here 7^ = Ifhi^JZp is the impedance of the feedback capacitor. The detector 
impedance is predominantly resistive at 0.3K, so Zj, = rD. Here r D = N r, is the dynamic resistance (temperature 
dependent!) of the N junctions of resistance r, in series. Thus, die noise is given by 

The siGnal-io-noisc ratio is then given by 



S eEgX„ 2~flNr} (4) 
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m . TEST RESULTS 

We will present results obtained with a detector consisting of 100 junctions, laid out as shown in figure I. Contact 
pads arc provided which permit connecting to all 100 in series, to any of five series of 20 junctions, or to several 20-
juncuon series connected in parallel. The detector is on the cold stage of a 03 K fteUum-3 cryosiat, with the 
preamplifier outside of the cryostat at room temperature. (In the future we p.'.an to move the FET to the cold stage, to 
lower the capacitance seen on the input of the FET.) 

The electrodes of die tunacl junctions are made by depositing aluminum by evaporation from a tungsten-wire source, 
through metal shadow masks. The resolution and positioning accuracy of the masking system is about 10 microns. 
Individual junctions arc 65x70 p \ with a 30*u space separating adjacent strips in the meander pattern. The aluminum 
films are 1500 A thick. 

The oxide barrier is formed by exposing the freshly deposited base electrode to 2 torr of 0 2 for 30 minutes. This 
typically gives a junction resistivity of about 10~3 Q-cm2, or 25 Q for the normal-state resistance of a single junction. 
The corresponding value for the barrier transmission probability T,,^,. is about 1x10"*. From this one can calculate a 
quasipariicle tunneling time of 26 jj'-cc. 

The I-V characteristic of a series array of 20 junctions is shown in figure 5. No magnetic field has been applied. The 
steep vertical edge al ±63 mV is close to the expected value for 20 AI junctions in series. (The accepted value for 2A 
for a single junction is 039 mV.) The rapid horizontal jumps seen on one branch of the curve represent the critical 
currents of the individual junctions. Wc see a wide variation in this critical current for the individual junctions, a result 
which we did not expect and do not understand. Previous measurements on single junctions of comparable size gave 
critical currents of about the expected size, and measurements on series arrays of larger junctions gave critical currents 

Figure 5. 1-V chaniclerisiic for a 20-junctiun series anay. Tic scales aie 10 jiAAliv. vertical, and 2 mY/di\. KTI/OIILII. 



with only a 10% nns spread about Uicir average value.0,7 We dope to understand litis result in die future. 

TIic tiJincling current, seen on die returning branch of the I-V, is quite small. At a temperature of 0.31 K, with an 
applied magnetic field of about 4 gauss, we measured a thermal tunneling current of 60 nA, at a voltage across the 
array of 5.7 tnV. The BCS prediction for this tunneling current is 14 nA, a value which should be obtained with an 
ideal device. In previous work wc have obtained values of this dark current somewhat closer to the eapectcd value. 
We hope to Icam in future tests whcthei- or not die dark current decreases as the temperature falls below 0.3 K. In one 
previous test, at .100 K with a similar junction,8 the dark current decreased by a factor of 100 between 0 3 K and 0.1. 
The decrease in dark current is desirable for purposes of reducing amplifier noise, as (he resistive impedance of the 
detector increases when the dark current goes down. 

We tevc exposed a 20-junction section of this detector to a source of 6-McV alpha particles, to measure its response. 
Some typical pulses are shown in figure 6. The temperature was 031 K, with a parallel magnetic field of A gauss. The 
array was biassed at V = 5.7 mV, I = 60 nA. An additional filter after the pre-amplifier had one-pole roll-off 
lrcquencics of 1 kHz (high-pass) and 300 kHz (low-pass). 
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Tiie typical pulse height is 0.06 V. This is to be compared with the signal predicted by equation (I). Fu. an energy 
of 6 McV, completely absorbed in an ideal 100-junclion array, the total charge tunneling llirough the oxide barrier is 
3 J x 10n C, or 1.05 V across the 30-pF feedback capacitor. This probably means Ihat wc arc collecting only 1/15 of 
the available energy in the junction array! 

In order to perform further analysis off-line, wc digitized a number of pulses and stored them. They were 
subsequently fit to a pulse shape of tfic form 

' * < ' i - ^ 
(S) 

This represents a pulse starting at time to, with a pedestal height of a and an amplitude b. There are three time 
constants in equation (5). The shortest one, T,, is the lime constant of an exponentially decaying current flowing 
through the junctions in series. The intermediate-valued time constant, x,, is set equal to the decay time of the high-
pass filter used, and is not varied in the fit. The longest time constant, i j , is set equal to [he time constant for the 
charge on the pre-amplifier feedback capacitor to decay through the detector's dynamic resistance, and is not varied in 
the fit. For the pulses shown in figure 5, wc used t j = 670 us (adjusted slightly by hand for a better fit) and T3 = 
5900 us. 

In figure 7 we show the results of this fit for one alpha-particle pulse. The fit is in general rather good. In figure 8 
we show the results of fitting about 500 alpha-particle pulses. We give a scatter-plot of pulse height versus rise time, 
for all events. The variables which arc plotted are not the fit parameters, but rather the actual height of the analytic 
pulse function as fiticd. and the actual time for the pulse function to rise to 0,-e"1) times its maximum height 
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liyure 7. A sinple alpha-panicle pulse and the fined puke slw]v (smoolh curve). 



The average rise time of the pulses, about 35 us, is consistent with the BCS prediction of 34 us for the quasiparucle 
relaxation time a! 031 K. The distribution is not consistent with a single rise time, however, rather, the rise time is 
strongly correlated with the pulse height. The variation in pulse heights is likely to "orrespond to alpha particles hitting 
close to or far from the sub-array being tested, as permitted by the mask over the detector (sec figure 1). There arc two 
possible explanations for a correlation between rise time and pulse height. One is that the larger pulses create a large 
enough population of quasipanicles in the junction electrodes that the recombination is no longer linear; this effect 
would in general make die time constant for large pulses less than the equilibrium quasiparticle relaxation time T,_. 
The other is thai when the particle interaction is distant from the array, the diffusive transport of the phonons produces 
a dispersion in arrival times which lengthens the pulse. At this preliminary stage of our analysis, we cannot say 
whether either of these mechanisms is in fact consistent with the data. 

The Americium-241 alpha-particle source also emits 60-keV gamma rays. If we turn up the post-amplifier gain, we 
can also observe pulses due to conversion of these gamma rays in the sapphire substrata Some of these pulses are 
shown in figure 9, and the corresponding distributions of poke height and rise rime in figure 10. The pulse height y is 
aboul 100 times smalloei than for the alpha particles, as it should be if the detector response is linear. The rise rime 
does not show the correlation with pulse height observed for the alpha particles; however, different filtering (3 kHz low-
pass, 10 kHz high-pass) was used for these measurements, so we do not consider this difference to be significant, at this 
point in our analysis. 

In order to estimate the contribution of electronic noise to the energy resolution, we collected a sample of random 
triggers. These noise traces were then fit to the same pulse shape as for the pulse triggers, but with the rise time t , 
and starting time to held fixed. The distribution of resulting pulse heights is shown in figure 11. The distribution is 
roughly gaussian, centered about zero, as expected. The FWHM is ab' it 50 uV. If the pulse height corresponding to 6 
MeV is taken to be 70 mV, the corresponding energy resolution is about 4 keV FWHM 

The expected mis noise can be calculated from equation (2). For the FET voltage noise we take e n = 0.7 nV/Hz"\ 
For the dynamic resistance of the detector we lake the linear approximation r D = R D - (V/T)^ p. = 10 k£L This gives a 
rms noise of 16 uV, or 40 uV FWHM. This is in excellent agreement with the measured noise, considering the 
approximations involved in the noise model. 

5. Ultimate Sensitivity 

The energy resolution demonstrated by the measurements presented here, 4 keV FWHM, is completely inadequate for 
observing 6-fceV X-rays. An improvement by a factor of 100 in (he ratio of signal to noise is required. We think that 
this improvement can be made with the current detector. 

The charge collected from the junction after absorbing a 60-keV gamma ray is a factor of 15 less than what we 
would expect if all of the X-ray's energy was absorbed by the array. We believe that this is due to poor transmission 
of the phonons into the films, and that this transmission can be improved by ion-milling the sapphire surface before 
depositing the films. Funher analysis of the pulse-height and rise-time distributions may in fact permit us to determine 
the phonon absorbtion coefficient at die sapphire-aluminum interface. 

The partition of a 1-mm-square detector area into N junctions in series affects the detector sensitivity in a number of 
ways. The total charge collected varies like 1/K. for a given phonon flux in die crystal. We have checked this 
prediction with other arrays by observing pulses with different number? of junctions in scries, and with sub-arrays 
connected in parallel. 

The noise is also aflected. though, when the array configuration i> changed. The dciccior capacitance and dynamic 
resistance depend on N. If the detector capacitance dominates, the ideal value of N is mat which matches the deiecioi 
capacitance to the sum of the FET input capacitance and the stray capacitance seen by the preamplifier. For the 
2SK.147 which we use. with CU 1 = 70 pF. N = 4 would eivc a good capacitance match: C p = 25(1 pF/4 = 62 pF. FOJ 
lour junctions in .••cries, rathc-i than 100. the chariv conducted by cacti one would be 25 times greater. This array 



however, would have a very low resistance; scaling from the values used above for this detector, its dynamic resistance 
would be about 100 Q at 0.3 K, increasing the noise compared to the current array by a factor of 100! 'lb use this 
configuration, wc would have to count on a factor of 100 for improvement in the dynamic resistance at lower 
temperatures, as suggested by our measurements at 0.1 K." 

There is yet a third way of increasing the signal size. If the oxide barrier is made thinner, the tunneling current i& 
incrcasco, and the signal increases. However, the dynamic resistance also decreases. Wc can only take advantage of 
this signal increase if the dynamic resistance becomes very large indeed at lower temperatures, wMich remains to be 
determined experimentally. 

6. Conclusions 

Wc arc attempting to develop an X-ray detector with an energy resolution of about 100 eV for 6 kcV X-rays. To this 
end wc have fabricated a series arrays of aluminum superconducting tunnel junctions, consisting of 100 65x70 

1 junctions followii.g a meander pattern over an area of 1 mm 2. The films are deposited on a 75- -thick sapphire 
substrate which serves as absorber for the X-rays. Junctions of reasonable quality and uniformity have been obtained. 

Wc have observed the response of this detector lo lest pulses from 6-McV alpha particles and 60-kcV gamma rays. 
The error in measuring the pulse height is prcdominar.Uy due lo microphonic noise and other interference. The energy 
collected by the array is at least an order of magnitude less than the energy deposited in the crystal by the test particles. 
Under these conditions, the energy resolution of Ihc array is 4 keV FWT1M. 

A number of improvements in ihc current detector arc envisaged. Wc think that ii is reasonable to expect an ultimate 
energy resolution of 100 cV or less from this detector design. 
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