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Superconducting Tunnel Junction Detectors for
Extreme Ultraviolet Applications

Christopher M. Wilson, Luigi Frunzio, and Daniel E. Prober

Abstract—We present measurements of superconducting tunnel by the steady-state background. A focal-plane array of STJ de-
junction (STJ) spectrometers optimized for extreme ultravioleten-  tectors could meet all of these requirements. In addition, the
ergies (EUV), between 20-200 eV. The high count rates demands ofin 1y count rate requirement means that this application is partic-

astronomical applications, such as solar flare studies, uniquely suit lar] Il suited to STJ th ) ¢ ¢
STJs as compared to other cryogenic spectrometers. We have sim-Yiarly well suited to S Versus other cryogenic spectrometers.

ulated EUV measurements with the technique of multiphoton ab-  In this paper, we present preliminary measurements of STJs
sorption using a pulsed UV laser as a light source. We have demon- optimized for EUV applications. Directly testing these devices

strated an energy resolution of 2.15 eV, close to the requirements of with EUV radiation would be both expensive and difficult. No
the applications. This resolution is limited by amplifier noise. We -5 mmon radioactive sources produce radiation in this energy
present predictions of improved resolution based on new amplifier | it v b d db hrot
designs. range. In general, it can only be produced by synchrotrons or
) the discharge of highly ionized plasmas. In addition, it is diffi-
Index Terms—Extreme ultraviolet, spectroscopy, supercon- e
ducting devices. cult to couple the radiation from the source to the detectors. For
these reasons we instead test our devices using the technique
of multiphoton absorption. We use a pulsegl|iiser to produce
. INTRODUCTION short bursts of UV photons. The photons are brought from room

RYOGENIC spectrometers are maturing as a technmogg_mperature to the STJ by a UV/optical fiber. Multiple photons

After more than a decade of development, cryogenic spdt@m each burst are then absorbed by the detector. Since the du-
trometers are beginning to enable new types of measuremeftion of the bursts is much shorter than the important physical
Spectrometers based on superconducting tunnel junctions (Sifgscales of the STJ [3], the simultaneous absorption of pho-
and transition edge sensors (TES) already been used in applie8s simulates the absorption of a single high energy photon.

tions ranging from optical astronomy to x-ray microanalysis of

biological and industrial materials [1], [2]. In this paper, we con- Il. MEASUREMENTS

sider spectrometers optimized for a new application: extreme ) .

ultraviolet (EUV) astrophysics. As an example of this field, we Ve use a lateral STJ geometry [4], in contrast with many
can consider the study of solar flares. To understand the qiher groups that use a ve_rtlcal geometry [2]. We use a super-
tailed physics of the solar flares, astronomers need to obse?\%‘ducung Ta.al.)sorber, with an energy gaﬁd = 700 p €V.

the emission spectrum of the flares as they evolve in time. cUf1€ @Psorber is in good metallic contact with one electrode of
rent observation techniques couple an imaging system with&ht Al/Al-oxide/Al tunnel junction. (The tunnel junction area
energy resolution with a separate spectrometer. The imagfiRgeS Not overlap the Ta absorber and the energy gap measured
system is used to find the eruption of a solar flare and th&imM =V curvesis that of bulk AlA; = 180 €V.) A photon

the spectrometer is trained on the flare. Unfortunately, with th@sqbed in the Ta br.eaks_ Coop_er pairs, _creatmg EXCESS quasi-
technique, the spectrum of the flare in its earliest momentsH@”'Cles' These quasiparticles diffuse until they reach the lower

lost. A detector that could combine imaging with energy re§@P Al, where they scatter inelastically, becoming trapped. The

olution would solve this problem. In particular, the applicat-rapped guasiparticles then tunnel across the barrier and our read

tion requires spectrometers with an energy resolutioh Bf— ogt as an excess subgap current._ This current.is integrated to
1-2 eV full width at half maximum (FWHM) in the energyglve a total detected charg€),,, which is proportional to the
iEncident photon energyiZ,. The energy resolution of the STJ

rangeE., = 20-200 eV, photon timing, and high photon coun| o 27 .
rates. The application only requires modest imaging capabilify, fUndamentally limited by the statistics of the various phys-

The field of view of each pixel only needs to be small enoudﬁal processes in the device, including quasiparticle creation and

such that the emission of a flare in that pixel is not overwhelmdgultiplication upon trapping. In the detectors measured here, we
expect this limit to be
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We have measured the energy resolution of our STJs usin 357
pulsed N laser as a photon source. The Mser emits intense 300
bursts of light at 3.68 eV (337 nm). The length of each bur ssod O A
is about 4 ns. We can use the laser as a multiphoton source fil)
adjusting the intensity such that more than one photon is e§ 2004
sorbed during each burst. We believe multiphoton absorpti § 1504
can effectively simulate the response of the tunnel junction tc
single higher energy photon. The photons are absorbed in a1
nanoseconds but the excited quasiparticles diffuse to the ju 50
tion over a period of a few microseconds, allowing the quas .
particle distribution to smooth before reaching the junction. | o
addition, the physical processes in the tunnel junction take ple
on microsecond timescales or longer and should effectively ¢

-

100

erage over nanosecond variations in the absorption. In additi 3007
since the device performance is limited by processes in the jul 250
tion, multiphoton absorption should accurately simulate the e !]%\
ergy resolution of the device [3], [6]. 200+

We have measured a number of STJs, all with 468 tunnel
junctions. The junctions are diamond shaped with a long axis
20 um and a short axis of 10m. In Fig. 1, we show histograms 100

150 1

Counts

of the charge output of device 1 under laser illumination. Eax 0

countin the histograms represents the response of the detect %07

asingle burst from the Nlaser. The histograms shows a numbe o . | . | . .
of evenly spaced peaks, indicating that the number of photc o 10 20 30 40 50 60
absorbed varies from burst to burst. We expect this. We attenu Charge [Thousands of e-]

the laser’s output at room temperature by 9 orders of magnitude,
such that the probability of any one photon getting from thigg. 1. Histograms of the charge output of device 1 in response to illumination

C . PO ith the N, laser. The histogram is fit with a composite function that distributes
laser to the device is very small. If there is no correlation in t e counts according to a Poisson distribution. The two histograms represent

transmission of the photons, we expect the number of absorlgttesponse for two different laser attenuations. Each graph is labeled with the
photons to follow a Poisson distribution. To test this hypothes@yerage number of photons, extracted from the fit. The peaks are labeled with
we fit the histogram with a composite distribution: the corresponding number of photons absorbed in the STJ.

As we have said earlier, the light emitted by the fiber onto the

. [ ye 1 cold stage is dispersed over an area much larger than the de-
PQ) =) ( m ) Noro tector. Thus, when the detector absorbs one photon, the substrate

n=0 simultaneously absorbs 10* photons. This energy is converted

1 9 into phonons which can then couple to the detector and break
X exp <_F (Q— (RenE, + Qo)) ) (2)  pairs. Even though the coupling between the substrate and the
detector is not very efficient, the number of quasiparticles cre-
wherey is the average number of photons absorbBd,is ated is significant because so much more energy is absorbed by
the energy of a single photof, is the responsivityQ), is the the substrate than by the STJ.
charge offset, and is the standard deviation of the charge. The We can distinguish this substrate signal from the absorber
composite distribution is the sum of many identical Gaussiaignal in the current pulses that we detect. In Fig. 2 we plot
distributions evenly spaced in charge. The amplitude of eattiree waveforms which were recorded from a second device, de-
Gaussian is determined by a Poisson distribution. The enexgge 2. Each waveform was produced by averaging pulses whose
resolution is calculated from the fit @SE = 2.355 o/R. The charge fell within a single peak of a multipeak histogram. In this
fits to the composite function are shown in Fig. 1 and we sease, the waveforms are the average of pulses fromthe 0, 1, and
that they agree quite well. 2 photon peaks of a histogram with = 0.80 photons. The
We can gain information by examining the structure of theulse from the 0 photon peak has a uniform decay with a very
histograms in more detail. First, we note that we get the bestlfing time constant. We see that the 1 and 2 photon pulse shapes
to the histograms if we assume the first peak represents lasestead have a double exponential decay. They both have a fast
pulses during which zero photons were absorbed. This is reamponent whose magnitude scales with the number of photons
sonable because we use a synchronization signal from the ladesorbed in the STJ. In addition, the time constant of the fast
to trigger the data acquisition by the oscilloscope. Becauseafmponent matches the time constant measured when the device
this, we actually expect to record some triggers during which m@excited with single photons from a Hg lamp. We also clearly
photon was absorbed. Second, we notice that the average chaggethat the slow components from the 1 and 2 photon pulses are
of the zero-photon peak is not zero. This charge ofiggt,is the same and they also match the decay of the 0 photon pulse.
caused by phonons coupling from the substrate to the detecidrerefore, we conclude that the slow component is independent
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Fig. 2. Average current pulses from device 2. The pulse shapes are produegd4.  The square of the energy resolution plotted against the average number
by averaging pulses whose charges are in one peak of a charge histogram{f@@sorbed photons. The resolution extrapolated to zero photons gives the

Fig. 1). The pulses are, in order of increasing peak current, from the 0, 1, aado|ution not due to substrate noise.

2 photon peaks of a histogram with= 0.80. We see the pulses have a fast

component that scales with the number of photons and a slow component that

Is the same for all three. the average number of photons absorbed. These offsets are ob-
tained by fitting the histogram of charges, after windowing and
filtering. (The average pulses in Fig. 2 were taken from the same

14 three data sets.) We see that the offset varies linearly with the

16—

ated by substrate phonons will vary from pulse to pulse. We can
infer what part of the measured resolution is due to this substrate
2 noise by studying how the resolution changes when we change
the attenuation. To do this, we must make some assumptions.
First, we assume that the substrate noise is independent and adds
in quadrature with other noise sources. We can also guess that
the variance of the substrate charge will be proportional to the
Fig. 3. Variation of the charge offset of the zero photon peak as afunction%yerage substrate charge. In Fig. 4 we show the square of the

the average number of photons absorbed in the detector. The average numfRRIgYy resolution as a function of the average number of pho-
varied by varying the room temperature attenuation of the laser. Error bars esis absorbed in the STJ (which is proportional to the offset

shown, but are smaller than the symbols in some cases. charge). We observe a number of things. First of all, the energy
resolution clearly broadens as the average number of photons
of the number of photons absorbed in the STJ and we infer tlatreases. It is also clear that for the lowest number, the energy
is due to excitation of the substrate. width is not dominated by the substrate noise. If we fit a line
We can exclude much of the substrate signal by windowirig the data, we find that the substrate noise is about 1.3 eV per
the pulses in time. Typically, we only use a 86 section of a photon absorbed on average in the Ta and the remaining noise
pulse. Still, we expect the substrate effect to produce a chaigabout 2.14t 0.07 eV.
offset in the histograms because some of the substrate signae now want to understand what factors contribute to this
is coincident in time with the absorber signal. As we have seeéh14 eV energy width. Electronic noise from the read-out am-
this substrate signal is independent of the number of photons plifier is certainly one important contribution. We estimate the
sorbed in the STJ. This implies all the peaks should be shiftetbadening due to the electronic noise in the following way.
to larger charge by the same average amount. The fits in Figbliring a run, we can shutter the,Naser while still allowing
therefore assume that the peaks are equally spaced, but havietarelectronically trigger the oscilloscope. We can then process
offset from zero. This assumption clearly fits the data. We dbese noise traces as if they were real photon pulses. If we do
expect that the charge offset will vary with the attenuation dliis, we get a histogram of charges with zero mean and some
the laser intensity. If we decrease the attenuation, the substrsigance. Based on the responsivity measured from the multi-
will absorb more energy during each pulse, ultimately breakimpoton histogram, we can convert this charge noise to an energy
more pairs. Of course, decreasing the attenuation will also isolution. We find an electronic noise resolution of 2.15 eV.
crease the average number of photons absorbed by the Shis, within our measurement accuracy the resolution is fully
Fig. 3 shows the variation in the charge offset as a function afcounted for by electronic noise and substrate noise.

m“’ 12 average number. We also see that the intercept is only slightly
o different from zero, meaning that if we turned the laser intensity
5 to zero, there would be a negligible offset.
L 8 We also expect the substrate charge to degrade the energy res-
% 6 olution of the detector. This is because the amount of charge cre-
(o))
T
K=
o
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junctions smaller and reducing the operating temperature. Nu-
merical simulations predict that the optimum junction size for
EUV energies is about 20m? [5]. This is factor of 5 smaller
than the existing devices, implying that the shot noise would de-
crease by the square root of 5. In addition, if the magnitude of
the bias current followed BCS predictions downffo= 150

mK, the shot noise would become completely negligible. After
all of these improvements, we expect that the noise of the ampli-
fier would be limited by the charge noise of the amplifier, which

is the product of the input FET's voltage noise and the total ca-
pacitance at the input. The total capacitance includes both the
capacitance of the FET and the capacitance of the leads running
from the cold stage to room temperature. The capacitance our
present measurement set-up is dominated by the lead capaci-
tance. We can eliminate this in the future by moving the input
FET inside the dewar, shortening the leads. We have recently
tested the IF1801, made by InterFET, at cryogenic temperatures
and found that it works well at cryogenic temperatures.

In Fig. 5, we make resolution predictions for STJ's read out
by an amplifier based on a cold IF1801. We assume the junc-
tion area in each case is 20n? and thatT’ = 150 mK. We
plot curves for STJs with three different tunnel times, implying
different maximum count rates. We clearly see a trade-off be-
tween count rate and resolution, but it is most important only at
lower energies. All three of these curves predict resolutions that
exceed what is needed for EUV astronomy.
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Ill. FUTURE WORK
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