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Abstract—Superconducting tunnel
coupled to superconductmg ahsorbers may be used
as nlgn-féS(‘)liil.iCu_l, high- tuu.lcul.y X-i‘ﬁ}' Spec-
trometers. We have tested devices with niobinm X-
ray absorbing layers coupled to aluminum !ayers
thai serve as quasiparticle iraps. Im this work we
measure the current pulses from a large-area tunnel
Junctlon usmg an 3mphf‘er based on an array of 100
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junctions
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um junction, we have measured an energy resolution
of 19 eV FWI—IM for 1.5 keV X rays and 21 eV for 2.6
kevV X rays. The area of this JI.IIILI.IUII is engu; times
the area of any junction previously measured to
have such high energy resolution.

1. INTRODUCTION

When a single 6 keV X-ray photon is absorbed in a super-
conductor, it produces more than a million eIectrons in excited

SLdics, (,dl“:u qudblpdl ublcb
prnpm-nnrml to the energy of the incident nhntnn and can be

determined by measuring the increase in quampartncle tunnel-
ing current through a superconducting-insulating—
superconducting (SIS) tunnel
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of an X-ray spectrometer b sed
limited cn]u ]-\u the statigtica
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auasmartlcles nroducecl For mob:um thls fundamental llmlt
is about 5 eV for a 6 keV photon[1],{2]. In practice, it may be
difficult to achieve such high energy resolution because of

additional statistical fluctuations associated with the tunnelin
t
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and recombination processes{3],[4], but a resolution of 10

15 eV at 6 keV should be obtainable.

In addition to high energy resolution, a useful X-ray detec-
tor should also have a reasonably large effective area. Current
high-performance SIS-based X-ray spectrometers have areas of
100 pim x 100 pm or less[5]-[7] making them too small for
most practical purposes. There are several possible ap-
proaches to increasing the active area, including the use of a
separate absorber and quasiparticle trapping[8]-f10], and the
fabrication of large arrays of smaller devices. In this paper,

TTeméil om

we simply increase the area of the SIS junction. Until re-

(=l &

ASIuALIIE U LS

Manuscript received August 27, 1996.

This work was performed under the auspices of the U. 5. Department
of Energy by Lawrence Livermore National Laboratory under contract
No, W-7405-ENG-48 with additional support from NASA contract NASS-
32805 and NASA grant number NAGW-3907

cently, this was considered impossible[11] because the in-
creased area led to increased capacitance. This increased ca-
pacitance dcgrades the noise performance of the negative-

feedback FET-based ampiifiers typicaily used io measure the
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broad-band current amplifiers based on arrays of SQUIDs[12]
makes it possible to accurately measure current pulses from
much larger tunnel junctions. The current noise of these am-
plifiers is, to a first approximation, independent of the source
imipedance of the device to be measured.

Using th
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Using this type of amplifier, we have been able to obtain
very high energy resolutlon for a junction with 8 times larger
area than those previously found to exhibit high energy reso-

lution. The measured resolution of 19 eV FWHM at 1.5 keV
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and 21 eV FWHM at 2.6 keV is comparable with the best
results measured using a much smaller junction and an FET-
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Fig. 1. Cross-section of the measured detectors. X-rays are absorbed in
the two niobium layers, and the resulting quasiparticles are trapped in the
two alurninum layers. The thickness of the two aluminum trapping layers
iz 200 nm. Due to the nr\n\rlmlf\l effect, the energy gan in these layers is
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elevated to 0.35 meV.



of our test device. A base electrode of niobium (240 nm
thick) is covered with aluminum (200 nm), an aluminum-
rwida trrseval hnmeiae aloes e LU snsnh nod mimbhien
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nm) again on top.
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The test device is a square, 282 um on
each side, and has a normal resistance of 4.5 mQ. We fabri-
cated the detector at Conductus, Inc. using a modification of
our standard photolithographic niobium-aluminum trilayer
process [3],[13],[14].

The device functions as follows,
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sorbed in either of the niobium films. The resulting quasipar-
ticles diffuse into the aluminum, where they lose energy by
emitting one or more phonons and relax to a state near the
aluminum energy gap. Quasipariicies thai have relaxed are

tranned near the hinnealing harrer thioe inereasinge the rate at
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which they impinge upon the tunnel barmrier. This increases
the tunneling rate and the measured current.  After a quasipar-
ticle tunnels, it is still trapped in the aluminum layer on the
other side of the barrier, and is free to tunnel again. Under
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tion leads to charge transfer to the electrode at lower potential.
If the tunneling rate is larger than the recombination rate, then
each quasiparticie tunnels more than once, on average, increas-
lng the duration of the pulses and therefore the total amount
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of charge that tunnels[3],[15].
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An Y-ray nhoton is ab-
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III. READOUT ELECTRONICS

A schematic diagram of our SQUID-based current amplifier
is shown in Fig. 2. The detector, modeied by the paraile
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capacitance C;, is mounted in series with the input coil of the
SQU]D with mductance L,,. This series combmatmn is
mounted in parallel with a low-resistance bias resistor Ry,
When a current i, is injected as shown, a neariy ideal voitage
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and that the frequency is low enough so that wL. << R,. The
shunt reststor R, in parallel with the SQUID input coil pro-
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The SQUID, manufactured by HYPRES Inc.[16], is a se-
ries array of 100 SQUIDS oupled to a single input coil.
When coupled using the 0.3 pH input coil, it has a current
responsivity of ~1200 V/A, and an input noise of ~5
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pz—unc . Because the output impedance of the DQUJLU amay
is well matched to room temperature hinolar tran
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matching transformer is needed. We operate the
a constant bias current without feedback.

For X-ray detection experiments the bias voltage across the
detectors is fixed at the desired value by adjusting i,. An X-
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companied by a corresponding pulse through the SQUID in-
put coil. This results in a voltage signal at the output of the
SQUID array, which is then amplified by a room temperature
voltage amplifier. As long as R, > R,, the majority of the
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thus measured. If R; < Ry, the majority of the current is
shunted through the dynanuc resistance.

At first glance, it appears that we should choose the value
of the bias resistor to be as low as possible 50 as to provide
Tan
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and the inductance of the SQUID input coil form an LC tank
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Fig. 3. Simulated pulses in the input coil of the SQUID amplifier for different
values of the bias resistor R,. In both cases the thinner line is the current pulse
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(a), R, is set to 0.044 Q. Tn this case, the L-C circuit formed by the inductance
of the input coil and the capacitance of the junction is underdamped, and os-
In (hY R hac hesn increacad ta 10 £ and tha necillatinn hac
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In both cases the
dynamic resistance is assumed to be 100 £, cormresponding to a quality factor
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been damped without significant distortion or loss of signal.

Q=R/R =3 x (P
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Fig. 4. Measured pulse caused by the absorption of a Cl Ko X-ray
(E = 2622 V) in the top niobium film.

circuit that can be driven into oscillation by the sharp impulse
of the X-ray induced current pulse. For typical values of L,, =
03 pH and C; = 4 nF (for a 300 pm x 300 pm
Nb/AI/ALO,/AIUND junction), this oscillation frequency is
given by 2n! (LC)" = 3 Mhz. These oscillations can be
damped by either the bias resistor Ry or the shunt resistor R,.
Critical damping can be achieved by either raising the value of
R, or lowering the value of R, to their critical value. For the
typical values of L, and C; listed above, the critical value of
R, =7.8 Q, and the critical value of R; = 1.7 Q. Analysis of
the contributions to the noise due to thermal fluctuations in
these resistors shows that it is best to raise the value of the
bias resistor to achieve damping. If the value of the shunt
resistor is lowered to the critical value, its Johnson noise,
even if it is cooled to 2.0 K, dominates the current noise of
the SQUID.

To illustrate the effects of this damping, we have simu-
lated the operation of the circuit for two representative cases.
The results of these simulations are shown in Fig. 3. In Fig.
3a, we show a simulated pulse for an underdamped configura-
tion, where R, is set to 20 €, and the bias resistor is set to
0.044 Q. This is the configuration we used earlier{5},[17] to
measure the current in a 100 pm % 100 pm junction. When
this same configuration is used for a larger, 282 pm x 282
Hm junction, oscillations result as shown. To damp these
oscillations it is necessary to increase the bias resistor R, to a
supercritical value of 10 Q. The results of a simulation with
this change made are shown in Fig. 3b. The osciliations are
damped, and the current through the SQUID faithfully follows
the current pulse generated in the detector, except for a slight
increase in rise time.

The use of such a large value for the bias resistor puts con-
straints on the dynamic resistance of the detector junction. If
the dynamic resistance is less than the resistance of the bias
resistor, most of the current signal is shunted through the
dynamic resistance and never reaches the SQUID input coil
and is therefore lost. On the other hand, it is necessary for the
junction to have a low normal resistance in order to have the
short tunneling times needed to generate pulses large enough
to be measured with high precision in the presence of the cur-
rent noise of the SQUID. The normal resistance of our test
device is 4.2 mQ. A quality factor Q = R/R, of at least sev-
eral times 10° is required for R, to be greater than R,=10 €.
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Fig. 5. X-ray spectrum measured using absorption events occurring in the
top niobium film. The measured resolution is more than 5 times better than
that obtainable with semiconductor based ionization detectors. The smaller,
wider line just below the main peaks are due to absorption events in the
overhanging niobium region near the edge of the junction.

Note that this constraint is at least an order of magnitude less
severe than that required for good performance when an FET
based amplifier is used.

IV. EXPERIMENTAL RESULTS

The device was cooled in zero magnetic field to below 1.0
K in an adiabatic demagnetization refrigerator. After reaching
the operating temperature, a magnetic field of 10 to 20 mT
was applied in the plane of the junction diagonally across the
square to suppress the dc Josephson current. The results re-
ported in this paper were all obtained using the refrigerator in
an unregulated mode with the temperature drifting up from 80
mK to 200 mK. There was no dependence of device behavior
on temperature for temperatures less then 220 mK.

The detector was irradiated using an X-ray fluorescence
source with an aluminum target coated with a thin layer of
sodium chloride. When imradiated with an X-ray tube, this
configuration emits the characteristic X rays of these three
elements. We observed current pulses that rose from 10% to
90% of the maximum in 350-500 ns and decayed approxi-
mately exponentially with a decay times ranging from 5.0 ps
to 10.5 ps. In Fig. 4, we plot an example of a pulse pro-
duced when a Cl Ko X ray is absorbed in the top niobium
film. Note that there is no discernible oscillatory behavior.

The values of the rise time and decay time depend on the
bias voltage applied across the device. Also, the rise times of
pulses produced when X rays are absorbed in the different nio-
bium layers differ significantly. This allows us to produce an
X-ray spectrum due to absorption events in either one of the
absorber films independently[5].

Each data set consists of 5000 pulses digitized every 100 ns
using a 10-bit transient digitizer. The rise time, and decay
time of each pulse is determined using the digitized data.
Immediately after the measurement of the X-ray pulses the
baseline noise is characterized and used to construct the opti-
mal filter [18]. The height of each X-ray pulse is then deter-



mined by optimally filtering. In Fig. 5 we show an X-ray
spectrum measured at a bias voltage of 140 pV, and an ap-
plied magnetic field of 12.1 mT. We first constructed a his-
togram using only those pulses with rise times less than 0.50
ps. Pulses with these short rise times are due to absorption
events in the top niobium film. Using this procedure, we can
remove peaks in the spectrum due to absorption in the bottom
layer, and in the substrate under the junction. In this spec-
trum, we can clearly identify the Na Ko, Al Ko, Cl Ka and
Cl KB characteristic emission lines. The width of the Al Ka
line is 19 eV FWHM, and the Cl K« line is 21 ¢V FWHM.
These resolutions are comparable to those we measured earlier
using a junction with eight times less active area, and an
FET-based current amplifier{6], and are roughly five times
better than what is obtainable using a semiconductor based
ionization detector. The pulser peak indicates the contribution
of electronic noise to the width of the X-ray induced lines.
Since the width of this line (17.5 eV FWHM) is nearly the
same as the width of the X-ray induced lines, we conclude that
the dominant source of linewidth in this detector is electronic
noise.

At energies directly below each peak, there is a smaller,
wider satellite line. These first devices were made with an
etch process that had not been completely optimized. In these
devices, an over etch of the aluminum resulted in an over-
hanging region of the top niobium without an aluminum trap
directly beneath it. We believe that these satellite lines are
due to absorption events in this cantilevered region, and
should not be present in future devices. At even lower ener-
gies, there is a broad peak. We believe this is due to absorp-
tion events in the SiO, layer deposited on top of the junction
area. This layer can also be removed in subsequent fabrication
runs.

V. CONCLUSIONS

We have modeled and demonstrated the use of a broad-band
SQUID array as a sensitive current amplifier to measure the
current pulses produced by a superconducting X-ray spec-
trometer. We found it necessary to damp the oscillations
caused by an L-C resonance between the capacitance of the
detector junction, and the input inductance of the SQUID. By
using this amplifier, we were able to accurately measure cur-
rent pulses from a tunnel junction with an active area of 282
pm X 282 pm, which is eight times the active area of previ-
ous devices. We measured resolutions of 19 eV at 1487 eV
FWMH, and 21 eV at 2622 eV FWHM. This resolution is
more than five times better than that obtainable with current
semiconductor-based ionization detectors.
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