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The x-ray performance of Nb-Al-AlOx-Al-Nb superconducting tunnel junctions deposited on
sapphire has been studied for phonon mediated detection of x rays absorbed in the substrate in the
energy range 750 to 6000 eV. Two separate channels of phonon propagation can be identified. One
produces a discrete signal peak, due to high frequency phonons originating from the x-ray
absorption sites in a shallow layer below the junction. The other contributes to a monotonic signal
tail, due to low frequency phonons, reaching the junction after diffusive or multiple scattering at
surfaces. ©1996 American Institute of Physics.@S0021-8979~96!01709-5#
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I. INTRODUCTION

Superconducting tunnel junctions~STJ! have provided
x-ray detectors with good energy resolution (,1% for 6 keV
incident photons directly absorbed in the superconduct
thin films comprising the STJ1–3!.

Devices which have achieved these results have v
poor quantum efficiencies: their film thicknesses are
small to stop these energetic x-ray photons, and as a re
most of the 6 keV incident photons are absorbed in the s
strate.

A simple increase in the thickness of the STJ is no
viable solution, since this would decrease the tunneling pr
ability of the quasiparticles~charge carriers created by th
breaking of Cooper pairs!. Such a decrease would lead to
reduction in the measured signal and a resultant degrada
in the energy resolution. A number of groups have examin
the problem of absorption efficiency by the use of alternat
higher Z superconductors such as tantalum~Z573! rather
than Nb~Z541! or Al ~Z513!.2 An alternative approach is
to detect the x-ray events which are not directly absorbed
the thin superconductive film, but in the substrate, by m
suring the energy reaching the junction via phonon propa
tion from the substrate. A sufficient portion of the energy
these events can be down-converted into phonons wh
cross the substrate–junction interface and break Cooper p
in the superconductive electrode of the STJ.

Several authors have argued that this detection can
place in an efficient way, even when absorption takes pl
very deep in the substrate, because of phonon focusing
to the elastic anisotropy of the crystal used as
substrate.4–6 The anisotropy focusses a significant portion
the phonon flux, which hence propagates along preferen
directions calledcaustics. As a consequence, a much larg
fraction of the phonon flux, arising from a photoabsorpti
site in the substrate, may reach the STJ than would be
pected purely from a consideration of the solid angle s
tended by the STJ, as long as the crystallographic alignm
of the substrate is correct. Then the charge output of the
7362 J. Appl. Phys. 79 (9), 1 May 1996 0021-8979/96
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will be proportional to this flux, which is proportional to th
energy of the incident x-ray photon.

The aim of this article is to evaluate the feasibility an
characteristics of x-ray detection via phonon propagation
the substrate. We shall see that the substrate events de
ing the largest fraction of their energy to the STJ are clea
separated from other events~Secs. II and III!. The detection
efficiency, response and resolution of this process will
described in Sec. IV and its detailed mechanism discusse
Sec. V. Special attention is accorded to the region of
substrate where such events occur. Various x-ray energie
the range 750 eV to 6000 eV and two junction sizes we
used.

II. EXPERIMENTAL OBSERVATION OF SUBSTRATE
EVENTS

A. Experimental configuration

All measurements presented here were based on a
strate made of single crystal sapphire. Sapphire has a s
group R3c, with a trigonal cell (a5 85°438,a 56.9 Å). A
sample 0.5 mm thick with an impurity level of 23 ppm ha
been grown to have an orientation of@11̄02# ~i.e. theR-plane
orientation! for the plane of the substrate-junction interfac
The ballistic phonon flux pattern in such a crystal has be
measured and calculated by Everyet al.7

On the substrate a set of 8 junctions was deposited. T
base electrodes were layers of 110 nm of epitaxial Nb,
which a layer of 5 nm Al was deposited. The barrier w
produced through the oxidation of part of this Al layer an
had a resistivity of; 2.531026 V cm2. The top electrode
consisted of another 5 nm thick Al layer and 210 nm
polycrystalline Nb. Measurements were carried out with tw
junctions of sizes 20320 mm2 and 50350 mm2.

This system was placed in a vacuum environment a
clamped to a cold finger, cooled via a pumped4He cryostat.
A magnetic field was applied, by a superconducting magn
in order to suppress the dc Josephson current.

The current pulses from the STJ were fed into a cha
sensitive preamplifier and a shaping stage, operating at ro
/79(9)/7362/8/$10.00 © 1996 American Institute of Physics
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temperature, and optically coupled to a PC. During all me
surements, a test pulser was connected to the preamplifie
order to monitor the electronic noise and linearity of th
electronics.

B. Experiments performed

1. Observed spectrum

The substrate events spectrum was obtained as a fu
tion of energy from 750 eV to 6000 eV using monochrom
tized synchrotron radiation. A detailed description of th
setup of this experiment can be found in Ref. 8. The tem
perature at the cold finger was about 1.38 K. An addition
55Fe source was continuously illuminating the STJ to ca
brate the gain of the detector.

Figure 1~a! shows a typical charge spectrum, corre
sponding to the irradiation of a 20320 mm2 device by x-ray
photons with an energy of 1600 eV. The contribution of th
calibration source has already been removed from this sp

FIG. 1. ~a! Spectrum acquired by a 20320mm2 device with an external
beam of photons at 1600 eV; the various components from the exter
source are detailed.~b! Zoom in of Fig. 1~a! ~thin line!; fit of the indirect
events contribution on this spectrum~thick line!. ~c! Result of the subtrac-
tion of the indirect events and Gaussian fit of the right edge of the remain
events; definition of measured and Gaussian FWHM.
J. Appl. Phys., Vol. 79, No. 9, 1 May 1996
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trum. Several contributions are clearly seen: a! events with
the highest charge output (;16 a.u.! correspond to the base
Nb film response; b! the other isolated peak at;11 a.u. is
the top Nb film contribution; the different numbers of count
in the top and base films are due to the different thickness
of the electrodes; c! at the lowest charge outputs~below 5
a.u.!, the substrate contributions can be seen.

The substrate events are in turn divided into two class
The well-defined peak at higher charge outputs (;4 a.u.!
presumably arises from those events occurring closest to
junction, say within a characteristic distanced1 of the junc-
tion. We shall call this thedirectpeak; a full discussion of its
origin will be given later. Finally, at the very lowest charge
outputs, a broad non-resonant background can be seen.
appearance of a peak is an artifact created by the low cha
cutoff of the electronics. It has been shown by Randoet al.9

that the phonons generated by deep absorption events ha
sufficient lifetime in sapphire to reach the junction, even a
ter multiple scattering or reflections on the substrate boun
aries. We believe that thisindirect feature is due to diffu-
sively propagating phonons. As we shall see, its magnitu
does not depend on the lateral position of the x-ray bea
relative to the STJ. In contrast, the direct feature is observ
only when the STJ is directly illuminated.

2. Observation of indirect events

In order to have a better understanding of what are t
direct and indirect events contributions, the spectral prop
ties of the indirect events were established by two dedica
experiments. The substrate was illuminated by a collimat
beam of Mn-Ka ~5895 eV! and Mn-Kb ~6490 eV! x-rays ex-
cited by the decay of55Fe. In the first experiment the x-ray
source was placed on the junction side of the substr
~front-illumination!, but some 2 mm away. For the secon
experiment, the substrate was illuminated from the oppos
side ~back-illumination!. In both cases, the position of the
cold finger was also varied in the plane of the junction
substrate interface, in order to evaluate any possible spa
fluctuation in the response. A similar scanning system h
been described in Ref. 10. The temperature of the cold fing
was set at 1.2 K and 1.38 K.

The charge spectra obtained from both measureme
were identical to within 2% and could be scaled to corr
spond to the indirect feature of Fig. 1~a!. No dependence on
the position of the cold finger was found. This supports th
identification of the lowest observed charge outputs as ar
ing as a result of phonon multiple scattering and reflectio
on the substrate boundaries. Finally, no temperature dep
dence of the indirect peak was observed.

III. EXTRACTING THE DIRECT EVENTS

To extract the direct events from the data delivered b
the experiment described in Sec. II B 1, the indirect even
must be removed. This operation has been performed
scaling the spectrum obtained from the measurements
scribed in Sec. II B 2. This scaling was based not only on t
difference in energy of the incident x-rays~5895 eV for the
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indirect events and between 750 eV and 6000 eV for t
basis spectrum!, but also on the observed non linearity of th
STJ.8

Figures 1~b! and 1~c! illustrate the subtraction of indirect
events from the initial spectrum of Fig. 1~a!. The thin line in
Fig. 1~b! is an enlargement of Fig. 1~a! in the substrate
events region. The dashed line is an overplot of the sca
indirect events. The inconsistency at low charge values
sults from this scaling, which also incorrectly scales the co
stant event threshold. This scaled spectrum is subseque
subtracted, resulting in the residual direct events spectrum
Fig. 1~c!. Similar results were obtained for energies in th
range of 1000 to 5000 eV with the 50350mm2 device and
1000 to 3000 eV with the 20320mm2. The spectrum of the
direct events can be described adequately by a Gaus
curve skewed at the lower charge values. Since the base
response at;16 a.u. is nearly perfectly Gaussian~see Ref.
8!, it is reasonable to assume that the true direct events g
rise to the Gaussian portion. The presence of the low cha
tail can perhaps be explained by the detection of quasi-dir
events, absorbed in the transitional region separating dir
and indirect events.

IV. X-RAY PERFORMANCE OF THE DIRECT EVENTS

A. Charge output

The charge outputQout, corresponding to the mean o
the Gaussian in Fig. 1~c!, is plotted as a function of energy in
Fig. 2. This response is linear to less than 3% for the

FIG. 2. Mean charge output of the direct events as a function of energy~a!
for the 20320 mm2 device~b! for the 50350 mm2 device. The solid lines
are linear fits of the data.
7364 J. Appl. Phys., Vol. 79, No. 9, 1 May 1996
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350mm2 device and 5% for the 20320mm2 device~in the
energy range 1000 to 5000 eV and 750 to 3000 eV, respe
tively!.

In the case of a 50350mm2 device,Qout is about 30% of
the charge output from base film events. For the 20320
mm2 device, this figure is lowered to 25%.

The ratio of the substrate events charge output with th
base film events charge outputQb has an important physical
interpretation. Once inside this electrode, a phonon has
lifetime of about 4.17 ps11 against Cooper pair breaking in
Nb, corresponding to a mean free path of;30 nm. Thus, in
base films of 100 nm thick, all the phonons are converte
into detectable quasiparticles before crossing the tunnel b
rier into the top film. Hence, the ratio of the charge outpu
for substrate events to the charge output for base film eve
directly relates the fraction of its energy that the substra
event has sent to the STJ.

B. Energy resolution

The energy resolutionDE ~FWHM5Full width at half
maximum! of a STJ is a combination of the Fano limited
resolutionsF , the statistical fluctuations in the number of
electrons that tunnel across the barriers tun, the electronic
noise contributionse and the variations due to spatial inho-
mogeneitiesss :

DE52.355AsF
21s tun

2 1se
21ss

2. ~1!

For absorption events occurring within the substrate, th
effects due to phonon propagation can be included in th
spatial fluctuations.

If the quasiparticle self-recombination is neglected,sF
2

and s tun
2 are proportional to the energyE of the incident

photon.9,12 The base film contribution to these two variance
is estimated at;12 eV ~FWHM! at E56 keV,8 which is
negligible compared to the contributions of the electronic
and the spatial fluctuations.

The electronic noise can be calculated by observing th
FWHM of the peak given by the pulser.

As for the spatial variations, the signal is the sum of
series of components, each being proportional to the ener
E. Assuming that the proportionality factor is a function o
the absorption site only—and not ofE—the overall distribu-
tion has a sigmass equal to the difference between 2 pro-
portionality factors. This results in a variancess

2 } E2.
Figure 3 plots the energy resolution of the direct even

DE2e , after subtraction of the electronic noise. Two sets o
data are presented: one is the FWHM as measured on
experimental peak, the other is the FWHM of the Gaussia
fit. The difference between these two FWHM is indicated i
Fig. 1~c!.

The data points of the Gaussian FWHM could be fitte
~solid lines in Fig. 3! by the function:

DE2e5Aa1bE1cE2. ~2!

b was fixed by the knowledge ofsF and s tun at 0.024
eV21,8 a is a possible remaining offset andc provides a
measure of the spatial contribution.
Poelaert et al.
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The experimental FWHM cannot be fitted by the sam
law. Indeed, it also includes the contribution due to quas
direct events~see Secs. III and V C!, which is expected to be
directly related to the penetration depth for the photons
sapphire. As an example, it will be higher immediately be
low the Al-K edge~corresponding to a penetration depth o
2.9 mm) than immediately above it~penetration of 0.9
mm). The offset and the spatial contribution for the Gaussia
FWHM are listed in Table I. In all cases, the offset is ver
small.

The measured FWHM is larger, especially for the 2
320 mm2 device. Also in this case, the effect discusse
above around the Al-K edge is clearly visible.

C. Absorption efficiency

The absorption efficiency for direct events can be de
fined as the ratio of the number of direct eventsNd to the
total number of detected eventsNt . Figure 4 shows the ob-
served efficiency for the two devices, which exceeds 50%
the case of the 50350 mm2 device.

FIG. 3. Energy resolution as a function of the photon energy. The electron
contribution has been removed. The Gaussian FWHM are described by1
~data points! and solid lines~fit!. The measured FWHM are described by *.
The fits are based on Eq.~2!. ~a! 20320mm2 device.~b! 50350 mm2 de-
vice.

TABLE I. Fitting parameters for the FWHM of the base film and substrat
response.

Photoabsorption site Device
Offset ~Aa!

~eV!
Spatial contribution~Ac)

~eV/keV of E)

Base film 20320 mm2 ••• 15
~see Ref. 8! 50350 mm2 ••• 16
Substrate 20320 mm2 0.3 176
~Gaussian FWHM! 50350 mm2 0.4 178
J. Appl. Phys., Vol. 79, No. 9, 1 May 1996
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According to the comments of Sec. II B 1,d1 is an ex-
perimentally defined parameter; it is the distance from th
STJ within which photon absorption events contribute to th
direct peak. Instead of usingNd /Nt , we preferNd /Nb with
Nb the number of events detected by the base film of th
STJ, sinceNb is easier to handle mathematically thanNt . If
Ni is the number of photons incident on the Nb base film
thenNb is given by:

Nb5Ni@12e2mNbrNbdb# ~3!

with mNb the mass absorption coefficient in Nb,rNb the den-
sity of Nb anddb the thickness of the base film.

Similarly, the number of eventsNd absorbed in a sap-
phire substrate layer of thicknessd1 ~direct events! is

Nd5N8@12e2msaprsapd1# ~4!

with

N85Ni2Nb5Nie
2mNbrNbdb. ~5!

Here, the suffix sap is for ‘‘sapphire.’’ The ratio of direct
events to base film events is then

Nd

Nb
5e2mNbrNbdb

•

12e2msaprsapd1

12e2mNbrNbdb
. ~6!

The only remaining unknown parameter in Eq.~6! is d1. This
parameter can be obtained from measurements ofNd and
Nb as a function of incident photon energy. Integrating th
Gaussian fit of Fig. 1~c! leads toNd as a function of photon
energy.Nb can be directly extracted from the data. The va
ues ofmNb andmsaphave been taken from Ref. 13. Figure 5

ic

e

FIG. 4. Absorption efficiency for the direct events:~a! 20320mm2 junc-
tion. ~b! 50350mm2 junction.
7365Poelaert et al.
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shows the observed values ofNd /Nb as a function of energy,
together with the best fit model. Best fit values o
d151.0416 0.083 mm and 2.2616 0.182 mm for the 20
320 and 50350mm2 respectively were derived. It is an im-
portant conclusion from these results thatd1 is independent
of x-ray energy. That is, the thickness of the region givin
rise to direct events does not depend on the thickness of
layer in which the x-rays are absorbed.

D. Summary of experimental observations

~1! Substrate signals can be resolved into two distinct co
tributions, direct and indirect, with very different char
acteristics.

~2! The indirect contribution is non-resonant and indepe
dent of the position of the absorption event relative
the STJ.

~3! The direct contribution is a well-defined peak, and is du
to absorption events occurring within a distanced1 of
the STJ which does not depend on x-ray energy.

~4! The direct peak magnitude decreases relative to the
direct peak with increasing energy, while its linewidt
scaled with x-ray energy.

V. DISCUSSION

A. Interpretation of the direct events

In this section we discuss the origin of the direct pea
and attempt to explain the experimental features summari
above.

We begin from the important observation that the vo
ume of the region of the substrate from which the dire

FIG. 5. Nd /Nb ~a! for the 20320mm2 device and~b! for the 50350mm2

device, measured~1! and calculated withd151.0416 0.083mm for the 20
320mm2 and 2.2616 0.182 for the 50350mm2 ~solid lines!. These values
of d1 are derived from a least squares fit to the data.
7366 J. Appl. Phys., Vol. 79, No. 9, 1 May 1996
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signal originates is independent of the energy of the absorbe
x-ray. Thus, even when the x-ray energy,E, is increased so
that the photons penetrate further into the substrate, still onl
those events occurring within a distanced1 of the surface,
and hence of the STJ, contribute to the direct peak. Consi
tent with this result is the additional observation that the
direct peak decreases relative to the indirect feature with in
creasingE. The latter relates to events which occur deeper in
the substrate so that the phonons produced suffer furth
scattering or decay before reaching the STJ. For the range
x-ray energies used in our experiments the absorption leng
lies between 0.5 and 30mm, so that all x-rays are absorbed
somewhere at least within the substrate. We find that th
indirect magnitude scales withE, while as a fraction of this
the direct peak, corresponding to the energy absorbed with
a fixed thicknessd1 , decreases withE.

In order to understand what may determined1 , we must
consider the process by which the incident x-ray photon i
converted into phonons which may eventually reach the STJ
The absorbed photon directly excites a single primary elec
tron which rapidly loses its energy by exciting a shower of
secondaries along a track. Each secondary electron excit
the cascade of optic phonons before finally subsiding bac
into a bound state. The frequencies of the optic phonons a
in the broad range above 10 THz, and their lifetime agains
spontaneous decay into lower frequency acoustic phonons
few ps, corresponding to a mean free path of;0.1mm. The
acoustic phonons produced typically have frequencies cen
tered around half of that of their parents. Thus, each x-ra
absorption site can be regarded as a point-like source o
phonons around 5 THz. These phonons can subsequently u
dergo either further inelastic scattering, through anharmoni
decay down to the next generation of 2–3 THz in frequency
or may be scattered elastically through Rayleigh scatterin
from isotopes, impurities or crystalline imperfections. We
examine these alternatives in detail.

There are no direct measurements of anharmonic deca
of acoustic phonons in sapphire at this frequency. Howeve
we may attempt to estimate the appropriate lifetime directly
from experimental data at other frequencies and theoretic
calculations for the spontaneous anharmonic decay in sa
phire. The theoretical calculation by Berke14 based on ex-
perimentally measured values of second and third order ela
tic constants in sapphire gives the following estimate for the
average lifetime against anharmonic decay

ta~n!.
1

300S nD
n D 51029 s ~7!

wherenD is the Debye frequency (;20 THz!. For 5 THz
longitudinal phonons with velocity of 104 m s21 this yields a
mean free path of 30mm. However this value is not in agree-
ment with an5 extrapolation from the only experimentally
measured value ofta by Kaplyanskii et al.15,16 At a fre-
quency of 870 GHz, the well-known 29 cm21 transition in
ruby, they foundta to be extremely anisotropic varying be-
tween 1 and 20ms. The plane of the STJ in our present
Poelaert et al.
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experiment is at an inclination of approximately 60° wi
respect to thec-axis. We therefore expect the phonon life
times to be closer to the lower value, if phonons move p
dominantly in directions close to the normal to the surfa
since these directions are far from any symmetry axis~which
might cause the cancellation among third order elastic c
stants!. Extrapolation to 5 THz yields a value for the mea
free path of 1.6mm. The origin of the discrepancy betwee
theory and experiment is not clear. Theoretical figures
approximately an order of magnitude larger, and display l
anisotropy than found in experiments.

We may also estimate the lifetime of 5 THz phono
against elastic scattering due to point defects either isoto
or impurities. We will use the expression~valid strictly for a
cubic material!:17,18

t0~n!5
c3

4p3V0g
n24, ~8!

where V0 is the volume of the unit cell,g the coupling
strength andc averaged velocity of sound. For isotope sca
teringgiso.1.223 1026 and for impurities at 23 ppm leve
gimp.1.1731026 (DM /M )2, where the ratio of mass differ
enceDM to unit cell massM may be taken to be around 1
Therefore, we arrive at the value oftD at 5 THz of
1.231028 s and hence a mean free path of 100mm. Thus
elastic scattering is expected to be significantly weaker t
anharmonic at 5 THz, and indeed across almost the wh
range of acoustic phonon spectrum.

Since the propagation of 5 THz phonons across thed1
layer is undoubtedly ballistic we may enquire as to the r
and importance of phonon focussing. First we note that
focussing patterns for such high frequency phonons will
significantly altered from those given by Ref. 7 since t
shape of equal energy surfaces is different from the c
tinuum limit.19 However, as long asd1 is much less than the
lateral dimension of the STJ, the solid angle subtended
the latter is close to 2p and no large difference can result
the anisotropic distribution of caustics is replaced by an i
tropic flux. Note, that for the deeper absorption events,
volving further down-conversion from 5 THz and small
solid angles, the possibility of the STJ missing some of
caustics is undoubtedly present.

Finally we note, that the general features of the mo
described here also suggest a natural explanation of
charge capture ratioQout/Qb . First, it is clear, that only
phonons within a 2p solid angle at maximum can reach th
STJ. In addition the transmission coefficient from the su
strate into the Nb films begins to fall off rapidly beyond th
angle of incidence of 60°. The solid angle for this 60° co
indeed contains 25% of the total flux~no matter whether
isotropic or focused! as indicated by the base film charg
capture.

The major remaining question relates to the discreten
of the direct peak, that is, why phonons around 5 THz are
much more effective in transferring energy to the STJ th
those at lower frequencies. There are at least three aspec
the phonon transport which depend on frequency and he
may lead to discrimination between different phonon gene
J. Appl. Phys., Vol. 79, No. 9, 1 May 1996
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tions and the formation of the discrete peak. These are!
transmission across the interface with STJ, b! dependence of
the collected charge on the spectrum of the entered phono
and c! dependence on phonon polarization.

Transmission across the interface has been estimated
an acoustic mismatch model.20 However, above 2 THz the
phonon spectrum in Nb deviates greatly from the continuu
approximation21 and is also very anisotropic. As a result the
transmission may be greatly reduced from that estimated
the basis of the acoustic mismatch model. In addition,
higher phonon frequencies another transmission channel
comes increasingly important, which may enhance 5 TH
transmission. This is due to short~atomic! scale interface
irregularities, causing the diffusive scattering of inciden
phonons rather than coherent transmission. Scattering is g
erned by the phonon density for the final states and as su
will take place predominantly into Nb. However, this mecha
nism is effective only for high frequency phonons, increasin
rapidly asn4.22,23

The energy spectrum and the number of phonons amo
which the original x-ray energy is divided is also very im-
portant, since not all the energy of a phonon can be co
verted into charge. Each phonon incident on STJ can bre
only an integral number of Cooper pairs. The rest of its en
ergy goes to the residual phonons with energy below 2DNb
which are lost for the detection. A single phonon of a fre
quency hn.2DNb can produce in general more broken
Cooper pairs than its anharmonic decay products. Thus it
important that the energies of the phonons entering the S
should be as large as possible.

The first generation of phonons at around 5 THz whic
enter the Nb are mainly longitudinal,21 while the second gen-
eration consists of predominantly transverse. Since th
electron–phonon interaction is normally via deformation po
tential, we would expect the coupling between transvers
modes and quasiparticles to be weaker.

B. The detection efficiency via the substrate

As can be seen from Fig. 5 the detection efficiency ca
be significantly improved if instead of the junction we use
the substrate as an absorber. However, this high efficiency
limited to a small energy range, between the Al-K edge
~1550 eV! and the Nb-L III edge~2370 eV!. It is obvious that
detection efficiency depends on the material properties of t
substrate. In our modeld1 relates to the mean free path for
first generation phonons. Therefore, we are interested in fin
ing an absorber with as large a ratio ofd1 /L , whereL is the
characteristic x-ray absorption depth, as possible.

The following general requirements result from the
analysis given above.

~1! For two absorber materials with equald1 the higher Z
material is more efficient.

~2! On the other hand for two different absorber materia
with the same x-ray absorption power, the less anha
monic material will result in a largerd1 .

~3! The use of the materials possessing strong elastic anis
ropy which causes strong anisotropy in spontaneous a
7367Poelaert et al.
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harmonic decay lifetimes would also be advantageou
combined with an appropriate surface orientation.
such materials a longer mean free path in the lateral
rection~s! would mean that phonon energy collection f
the direct peak comes from effectively larger volumes

C. Energy resolution

The measured energy resolution is poor and needs
provement. The observed dependence of the FWHM on
ergy implies that the main contributions to the line shape
from spatial variations of the STJ response.

In the STJ itself, the quasiparticle tunneling probabili
across the STJ barrier can be significantly lower close to
edges or to the leads of the STJ, than at the center. Th
due to escape through the edges or diffusion to the leads.
contribution due to spatial non-uniformities in the base fi
of the STJ is shown in Table I. The data were borrowed fro
Verhoeveet al.8 They are an order of magnitude lower tha
the effect of spatial variations due to the phonon media
process, also listed in the same Table I.

In the process of phonon mediated detection spa
variations of the signal arise in two ways.~i! When a photon
is absorbed in the substrate, below the junction but close
its edge, the solid angle between the absorption point
STJ rapidly falls off from 2p to p at the edge andp/2 at the
corner. For these direct events the phonon flux reaching
STJ diminishes rapidly. This contribution is of geometr
origin and mainly controls the Gaussian FWHM. The nu
ber of x-ray absorption events near the edges of the ST
proportional to the area of peripheral strips of width;d1 .
Hence the Gaussian FWHM is governed by the param
4d1 /a, wherea is the side of the STJ; this ratio is about 1/
close to the result of observations.~ii ! The deviation of the
experimental FWHM from the Gaussian FWHM is by de
nition due to absorption events taking place beyond the la
of thicknessd1 . The fraction of the original x-ray energy
delivered to the STJ is smaller for the reasons discusse
Sec. V A. In addition, the solid angle subtended by the S
will be smaller, so that some of the phonon caustics may
missing from the STJ thus causing stronger spatial va
tions. These effects contribute to the direct peak only on
low charge side, and will be reduced in a higher Z mater

Another way to improve the resolution consists in filte
ing the rise time of the signal. Figure 6~a! shows a two di-
mensional view of the charge spectrum at 1600 eV: to e
event is associated a charge output and a rise time. The n
ber of events having the same charge output and rise time
piled up in thez-direction. The darkest regions correspond
the densest acquisition. It appears from this scatter plot
the indirect events are detected in a very large range of
time. Selecting only the events falling in a narrow rise tim
window around the mean rise time for direct events, remo
a non negligible amount of indirect events. Figure 6~b!
shows the charge spectrum after having cut all events w
rise times exceeding or smaller than the mean rise time
direct events by more than 5%. The improvement in FWH
is about 20% compared to the one measured from Fig. 1~a!.
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VI. CONCLUSIONS

Phonon mediated detection of x-rays in the range of e
ergies from 750 to 6000 eV was studied experimentally fo
the Nb based STJ on crystalline sapphire substrate as
absorber. It has been clearly demonstrated that phonon m
diated detection signal shows a discrete~direct! peak super-
imposed on a monotonic tail. The direct peak was shown
arise as a result of high~few terahertz! frequency acoustic
phonon contribution originating from the x-ray absorption
sites in a shallow layer below the STJ. The thickness of th
layer is related to the averaged first phonon generation me
free path and does not depend on x-ray energy. Contrary
the direct peak, the phonon signal tail is due to much lowe
frequency acoustic phonons originating through the proce
of phonon down conversion. Their mean free paths are co
parable to the absorber thickness. The shape of the phon
tail has been proved to be independent of the position of t
absorption site and the same for both front and back illum
nation experimental geometry. A good quantum efficienc
for the device was demonstrated, although in a limited x-ra
energy range. Energy resolution is mainly affected by spat
fluctuations and proved to be relatively poor. The possibilit
to improve both energy resolution and quantum efficiency
the process of phonon mediated x-ray detection is analyze
based on the results of the proposed model for the phon
transport in the detector structure.

FIG. 6. ~a! Scatter plot~charge output - rise time - counts! of the response
of substrate events at 1600 eV for the 20320mm2 device.~b! Charge spec-
trum corresponding to the same events, but for a restricted rise time ran
~mean rise time of the direct events6 5%!. This spectrum shows a FWHM
for the direct events 20% lower than the FWHM in Fig. 1~a!.
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