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Dynamics and energy distribution of nonequilibrium quasiparticles in superconducting tunnel
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We present a full theoretical and experimental study of the dynamics and energy distribution of nonequilib-
rium quasiparticles in superconducting tunnel juncticB$J’y. STJ’s are often used for single-photon spec-
trometers, where the numbers of quasiparticles excited by a photon provide a measure of the photon energy.
The magnitude and fluctuations of the signal current in STJ detectors are in large part determined by the
quasiparticle dynamics and energy distribution during the detection process. We use this as motivation to study
the transport and energy distribution of nonequilibrium quasiparticles excited by x-ray photons in a lateral,
imaging junction configuration. We present a full numerical model for the tunneling current of the major
physical processes which determine the signal. We find that a diffusion framework models the quasiparticle
dynamics well and that excited quasiparticles do not equilibrate to the lattice temperature during the time scales
for tunneling. We extract physical time scales from the measured data, make comparisons with existing
theories, and comment on implications for superconducting mesoscopic systems and single-photon detectors.
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[. INTRODUCTION 9 examined the effect of a heated quasiparticle energy distri-
bution on the signal fluctuations, leading to insights itp

Since Giaever'’s first experimeftsn electron tunneling above®1° We found that the elevated effective temperature
in superconducting tunnel junctions, it has been well knowrof the quasiparticles resulted in different noise sources, help-
that tunneling is an excellent probe of both electron energyng to explain the measured energy resolution.
distribution and density of states. Many years of experiments In this report we present a full theoretical and experimen-
have followed in which superconducting tunneling structuregal study of our aluminum superconducting tunneling struc-
at or near equilibrium have shown interesting phenonfenatures, in an effort to more fully elucidate the physics behind
More recently, superconducting tunnel junctions have beethe difficulties presented bg) and (ii) above. We derive a
used effectively as single photon spectrometers, for photonfall numerical model of the tunneling current. We account
in the energy range 1-1@V .34 Photons absorbed in a su- for the spatial dynamics through a diffusion calculation and
perconducting tunnel junction create quasiparticle excitathe energy distribution through an iterated set of rate equa-
tions, and by measuring the resulting increase in tunnelingions. The calculated tunneling currents from this model are
current the photon’s energy can be determined. In our decompared directly to the experimental tunneling current,
vices the photons are absorbed in a tanta(la) film, and  with excellent agreement. The results from this model have
tunnel through aluminum-basegd\l) tunnel junctions. The been used in previous wofK;°the model itself is presented
physics of the charge collection and readout in these detectan detail here. The agreement between the model and experi-
structures follows directly from much of the earlier work on ment validates the use of a diffusion framework to describe
tunneling. However, two factors make the analysis of thesehe spatial dynamics and yields fitted values for many of the
devices more difficult. The firgi) is that due to the need for junction time scales and physical parameters. The depen-
large absorbing films, the quasiparticle transport to the tunnadence of the tunneling current on the junction voltage and
barrier is not instantaneous, resulting in complex dynamicscircuit impedance is also fit with the model. These depen-
The secondii) is that photon induced quasiparticles do notdences show that the quasiparticle energy distribution is at an
equilibrate to the lattice temperature on a time scale oveelevated effective temperature, reducing the effective junc-
which the tunneling takes place, making it a nonequilibriumtion impedance. We detail the effects of this heated distribu-
situation. The result of these two factors is that the measuretion on the tunneling current. Finally, we show the impact of
tunneling curren{signa) and its fluctuationgnoise are of-  differing values of the electron-phonon scattering rate in our
ten difficult to explain theoretically. Al films from the dependence of the tunneling current on

In three recent papers we explored some of these issuésmperature and voltage, arriving at a rough estimate for the
with devices fabricated and measured in our group. In Ref. Syalue of this important parameter.
we presented some measured time scales for various quasi- These resulten the nonequilibrium dynamidgave impli-
particle processes in an effort to addrégsabove>® We  cations for experiments on mesoscopic and superconducting
studied the effects of diffusion, trapping, tunneling, recom-systems and for the treatment of quasiparticle tunneling and
bination, and inelastic scattering on the dynamics of the curdynamics out of equilibrium. Our work shows how to treat
rent pulse. In Ref. 7, we looked in more detail at the loss anduch a time-dependent nonequilibrium system. We find that
diffusion in Ta films, and also discussed how the measuredharacterizing an effective temperature of the quasiparticle
time scales are affected by the absorber lefi§tReference system is a reasonably good description on the microsecond
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tunnelingtime scale of our experiment. This work also has Top:
important consequences for the performance and design of
future superconducting detectors, and possibly for supercon-
ducting quantum-computation circuits. 0 a L
Earlier work in this field treated the lateral diffusion of
quasiparticles in imaging-type detector geometries, but did
not address the energy distribution during tunnelihtf.
More recent work has treated the quasiparticle energy distri-
bution in detail, including the effects of recombination, tun-
neling, and phonon exchangeThat kind of treatment is
ideal for vertical trapping devices which have significant

B Junction Ta

SN

)

backtunneling, as the long effective tunneling time allows T

these processes to proceed, and makes their effects signifi- Absorber X
cant. Our devices, which use lateral trapping, are best treated

with a model that includeboththe effects of lateral trapping side: /Trap Tra{"

and the quasiparticle energy distribution in the trap electrode. -

This model is designed to have the minimum number of JJ;//////////////////////;L']_
fitting parameters, each of which can be constrained by ex- — /
perimental data. Our model focuses on only the processes Counter-electrode

that most significantly affect the tunneling current. It gives < >
predictions which can be compared directly to the time- 200 pm

dependent current pulses. These predictions are also used toFIG 1 Schematic of the device. t d side view. The absorb

study the interaction of the junction with its exteral circuit . "> - tait:ITr?] Iihoe 'uEctg\ggeérggli?ninsl:rr?-;:ﬁvn:'inuri %xisget--

impedance, an issue of importance for our class of devicedd e i . . . )
aluminum, and electrical contact is made with a thin strip of nio-

We compare the predicted interactions to those seen in o Lum. The device sits on an oxidized silicon wafer.
experiments.

The paper is organized as follows. Section Il details thes 6 um wide, 60um long, and 150 nm thick. The whole
devices studied and the experiments performed. In Sec. I8tructure is fabricated on an oxidized silic@®i) wafer.
we review the relevant physical processes and derive the All devices have been fabricated at Yale in a high-vacuum
model for the tunneling current. Section IV compares thedeposition system witin situ ion beam cleaning. The Ta is
output of the model with the data and details the effects oput down first, sputtered at 750 °C to improve the film qual-
quasiparticle dynamics on the tunneling current. Section \ity. After the Ta deposition the surface is ion-beam cleaned
looks at the temperature and voltage dependence of the tuand the Nb contact is sputtered at room temperature. The

neling current to study the quasiparticle energy distributionsurface is again ion-beam cleaned and then, all in one

In Sec. VI we conclude and provide outlook for future ex-vacuum cycle, the Al trilayefAl-AlOx-Al ) is deposited in
periments. two evaporations separated by one oxidation step. The tunnel

barrier is oxidized to a current density of about 30 Afc
layer of silicon monoxidgSiO) is evaporated to passivate
Il. EXPERIMENTS the junction edges and the absorber surface; this is not shown
) ) ) in the figure. Finally, the Al wiring layer is evaporated. An
In this section we describe the sample geometry and faljpn-bean cleaning is performed prior to each metal deposi-
rication, electronic readout, and cryogenic testing of our tuntion to ensure good metallic contact. All layers are patterned
nel junction structures. Each of the samples studied consisigith photolithography, using either wet etching or liftoff.
of two aluminum-aluminum oxide-aluminuiAl-AlOx-Al)  Other details of the geometry and fabrication procedure have
tunnel junctions attached to a single tantal(ifa) absorber. been published**®
An example of such a device, with a top view and side view The devices were cooled in a two-statfe system with a
is shown in Fig. 1. The use of two junctions with a single base temperature of 210 mK. A small magnetic field
absorber gives the device inherent imaging capabilities as @1 mT) was applied to the junction in order to suppress the
photon detector; this is discussed below. The Ta absorber #sephson tunneling current. The junctions were dc biased in
200um in length, 10Qum wide, and 600 nm thick. The base the subgap regiofVy.=20-90uV). The biasing circuit was
electrode of each tunnel junction, known as the trap, is an A& dc voltage bias, which proved to be much more stable than
film 150 nm thick. The Al trap overlaps the Ta absorber bydc current bias, used in earlier experiments. An |-V curve
about 10um. The tunnel barrier for each junction is alumi- with the Josephson current suppressed is shown later in Fig.
num oxide, with a total junction area of about 18001, 9, below. The subgap current in the region 3080 is
The junction is stretched into a quartic shape in order tabout 25 nA, which is the BCS prediction for 210 mK.
reduce the value of the magnetic field required to suppresBiske step¥ are evident a¥y.=115 and 14V. The ability
the Josephson tunnelirigee below. The counterelectrode is to trace out these features without hysteresis is evidence of
an Al film 80 nm thick and is covered by an Al wiring layer the steep load lindRy,q~ 10 ) provided by the biasing
about 220 nm thick. A thin strip of niobiurgNb), shown in  circuit. A detailed analysis of the dc and ac properties of the
the top view only, makes electrical contact to the absorber. Ibiasing circuit has been publish&t.
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The samples were illuminated with &fFe x-ray source, i
with a dominant energy emission at 5.89 keV. Experiments “i ‘ ® & .
have also been performed in our group with visible photons, { f y Y \
toward the purpose of developing imaging optical spectrom- o Jj?l. ATL re [5]
eters; these experiments are discussed elseWwhé&tX-ray ﬁ [a ) —o-re
photons create a larger tunneling current, however, and thus Aia
give a large signal for studying quasiparticle dynamics. The Tet #1 Jet #2

Al-AlOx-Al Ta absorber Al-AlOx-Al

effects of a heated energy distribution are also more evident

With larger energy photon;. The x rays are absorbed_in the Ta FiG. 2. Band diagram of the device in the excitation represen-
film and break Cooper pairs to create excess quasiparticlegion The important quasiparticle processes are labelgdpuasi-
The excess quasiparticles diffuse throughout the Ta absorb&farticle generationj2) quasiparticle diffusion;(3) quasiparticle
are trapped in the Al electrodes, and tunnel through the oxidgapping; (4) quasiparticle tunneling(5) quasiparticle recombina-
barrier, where they cause a temporary increase in the currenfen; (6) quasiparticle outdiffusion.
An example of such a current increase or “current pulse” is
shown later in the paper, in Fig. 7. The device is uniformlyjn good contact with the smaller gap Al tunnel junctions
illuminated, so pulses are obtained from all absorption loca¢a , =170 xV). The tunnel barrier is also indicated.
tions with roughly equal probability in a given data set. Typi-  The first important process is quasiparticle creation,
cally we take several thousand pulses in one data set.  \yhereby the incident photon's energy is converted into ex-
The current pulses are amplified by a low noise currengegg quasiparticles that cool to energies nearin a time
amplifier, digitized by an oscilloscope and stored on diskscale of order several ns. This process has been described
The low noise current amplifier is formed by a 2SK147 ang modeled in other work:2?In Ta it is found that approxi-
JFET, an Amptek A250 transresistance amplifier, and addimately 60% of the energy is converted into excess quasipar-
tional circuitry that allows the amplifier to be dc coupféd. icles while 40% goes into subgap phonons whose energy is
The amplifier obtains a voltage noise of 0.5 nV/sti), @  jnsufficient to further break any Cooper pairs. These are lost
current noise of 0.2 pA/sq(Hz), and a 3-dB bandwidth of jntg the substrate. The second important process is quasipar-
50 kHz® The pulses are initially recorded without filtering, ticle diffusion, where the quasiparticles diffuse laterally in
which allows us to extract the physical information from the he absorber to either tunnel junction. When the quasiparti-
shape of the pul;e without distortion. Filtering can also begjes reach the trap region, of lower energy gap, they can
performed numerically on the saved wave forms if one wantgcagter inelastically, emitting a phonon. The inelastic scatter-
to measure the energy resolut|on.. One can also integrate eam”{J causes quasiparticle trapping, whereby the quasiparticles
current pulse numerically to obtain the charge. . are then confined in the Al region near the tunnel barrier, and
~ Each photon causéw/o current pulses, one in each junc- qasiparticle thermalization, where the quasiparticle energy
tion. The sum of the charges from the two puls@s+ Q2. is  gistribution slowly equilibrates to the lattice temperature in
proportional to the total number of quasiparticles created by Quasiparticle multiplication can occur if the emitted

the photon. This sum is also proportional to the photon enpnonons in the trap break additional Cooper pairs in the Al
ergy, allowing the detector to perform as a spectrometer. Thg,

ratio of the two chargesQ,/Q,, can be used to extract the  opce inside the Al trap the process of quasiparticle tun-
location of the absorbed photon, giving the device inherenkging is important and results in the current signal detected

imaging capability. This ability to know the absorption loca- py the amplifier. Quasiparticles can tunnel as either electrons
tion of each photon is what allows the detector dynamics tq,; poles transferring a negative or positive charge
be studied in such detail. Typically one plds vs Q;, an  respectively® Once a quasiparticle tunnels, it can then tun-
example of which is shown in Fig. 5. In addition to the aréane| from the counterelectrode back to the trap, also as an
of each pulse there is information in the shape of each pulsgjectron or hole. Quasiparticle recombination, where two ex-
the peak current, the rise time and the fall time, and timing:ess quasiparticles combine to form a Cooper pair and emit a
information between the two pulses. We measure these pul$thonon, removes quasiparticles from the tunneling region.
parameters as a function of the device operation conditiongecombination or other losses in the absorber can also
(temperature, dc bias voltage, impedance environmient occyr? Quasiparticle recombination in the Al can occur

order to study the device physics. between two excess, photon-induced quasiparti¢lsslf-
recombinationj or between an excess quasiparticle and a
IIl. THEORY AND MODELING thermally excited quasiparticl¢‘thermal recombinatiory

Quasiparticle outdiffusion is where a quasiparticle diffuses
In this section we first list all the important physical pro- from the counterelectrode into the wiring leads, thus remov-
cesses that determine the current pulse and then deriveimg it from the tunneling region. If recombination phonons,
numerical model to be compared to the measured data. Fi@f energyEgponon> 244, do not leave the junction area they
ure 2 shows a band diagram of the device and labels thean break Cooper pairs and reform two quasiparticles, in a
important physical processes. Here we use the excitation reprocess known as phonon trapping.
resentation, where the horizontal axis is the locationthe To fully determine the size and shape of the current pulse,
x-direction) of the quasiparticle and the vertical axis is its one would in general want to know the time evolution of the
energy. The larger gap Ta absorliAr,=700 V) is shown  spatial locationand energy of each excited quasiparticle in
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second part of the calculation. In this part we calculate the
' time evolution of the quasiparticle energy distribution. The
i total tunneling current can then be computed from this dis-
EI,-m tribution. We describe the equations for each of these steps
! below.
' Diffusion in the absorber is modeled by the one-
' dimensional(1D) diffusion equation. We reduce the three-

' dimensional diffusion in the absorber to a single dimension,

J l the x direction in Fig. 1. This is valid assuming there are
negligible losses at the surfaces and edges in the other two
Trap Absorber Trap directions!? Surface or edge loss would show up experimen-
tally as a larger energy width for photons absorbed at the

lig — ~0 center of the Ta absorber, or as an increase in the loss rate in
E S the Ta absorbe(7 - see below Neither of these is evident
> - in our experiment8-1°We are therefore confident that a 1D
:2 L treatment is appropriate. We use the 1D diffusion equation
---------- with loss to describe the spatial and temporal evolution of
ATa the quasiparticle density(x,t):

ﬂ_ @_{_i—o (1)
ot P9 Tees

HereD+, and 1/, are the diffusion constant and loss rate,
respectively, for quasiparticles in the Ta film. We treat @g.
numerically with the Crank-Nicholson formalistAThe den-
sity U is approximated on a spatial grid of incremeixt the
“density at a given time is represented by a column vector
0L_J(t). The density at timé+dt is related to the density at time

FIG. 3. Schematic of the current pulse calculation. Top: ab
sorber part of the calculation. Quasiparticle diffusion is simulated t
calculate the interface curreft;,) that leaves the absorber and
enters each of the junctions. Bottom: quasiparticles enter either otfby
the junctions from the absorber, where they can undergo several = =—
different processes. They can scatter to lower energies, recombine AU(t +dt) =BU(1), (2)
to form Cooper pairs, tunnel to the counterelectrode, back-tunnel = = o . .
from the counterelectrode to the trap, and outdiffuse from the counwhere A and B are t”d""lgonal matrices. We define
terelectrode. The rates for these processes are energy dependent=dddt/(dx)? then the matrixA has(1+\+1/7.s9 as its diag-

the electrodes are divided into energy bins. Each energy bin has §,5| element and /2 as its off-diagonal elements whil
rate equation, and by solving the entire system the full junctionhas(14_)\_1/7_I ) as its diagonal element arvd/2’as its

. 0S:!
dynamics are calculated. off-diagonal elements. This method is unconditionally stable

the device. This would lead to a very complicated analysisand is accurate to first order in both space and &imé.
so we have made two important simplifications in our model:Gaussian spatial distribution with area equal to the initial
we ignore the energy distribution in the absorber and ignorgharge created is the initial condition, as shown in Fig. 3.
spatial effects in the junction electrodes. Both are fairly good We do not treat explicitly the energy distribution of the
approximations. The inelastic-scattering times in the tantaguasiparticles in the Ta absorber produced by photon absorp-
lum absorber are relatively fa&tso effects from a nonzero tion. These very rapidly cool by electron excitation and pho-
guasiparticle energy spread in the absorber should be smaition emission to near the energy gap of Ta, and then diffuse
The trap has a much smaller volume than the absorber arat this energy. This process is fast compared to other time
aluminum has a much larger diffusion constant than tantascales because the electron-phonon coupling in Ta is strong.
lum, so spatial effects in the junction should also be minimal The time for this process is of order 0.1 ns, during which the
The lateral diffusion in the absorber and the energy depenquasiparticles spread aboutuin in either direction. This
dence of the quasiparticles in the trap are the major effects iresults in a “hotspot volume” of about22 x 0.6 um, where
determining the signal, for our materials and geometry. the 0.6um is the thickness of the film. The number of excess
In Fig. 3 we draw a schematic of the current pulse calcu-quasiparticles over this volume is not enough to significantly
lation. The calculation consists of two parts, one in the abdepress the energy gap in 3®&The quasiparticles are pro-
sorber and one in the junction. In the absorber we calculatduced in this small volume and reach nearly the Ta gap en-
the spatial distribution of quasiparticles as a function of timeergy before significant diffusion occurs. This situation differs
using the diffusion equation. The current that flows out of thefrom that described in Ref. 13, where a sandwich structure of
absorber is calculated through a boundary condition that alfa/Al films forms the absorber and tunnel junction. For this
lows us to include the effects of quasiparticle trapping. Thisstructure, the fast equilibration occurs in the volume from
current, called the interface curreft,), must flow into the  which the tunneling current originates. Thus for that situation
trap electrode of the junction, where it is the input to thea treatment of the nonequilibrium quasiparticles in the ab-
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sorber is particularly important. It is of less importance forbarrier and ultimately the tunneling current. We solve for this
our devices where equilibration to near the Ta gap occurime-dependent energy distribution through a system of rate
prior to trapping and tunneling. equations. The trap and counterelectrode are divided up into
Quasiparticle trapping occurs when quasiparticles inelasenergy intervals of size& indicated in Fig. 3. We define the

tically scatter in the Al trap to an energy that is below the gapguantitiesN,[E;] andN.d E;] as the number of quasiparticles
of Ta. They are then confined to the Al trap region. Thein the energy intervalE;+ ) —(E;—é) in the trap and coun-
number of quasiparticles created by a photon is not enougterelectrode, respectively. Below we detail the time evolution
to depress the energy gap in &IWe model the trapping the of N,[E;] andN.J E;]. The equations foN,[E;] andN.JE;]
a boundary condition at the absorber-trap interface. We assre sometimes the same, so in such cases we write down only
sume that the diffusion current is continuous across the inone equation using the variabM E;], understanding that it
terface. Therefore we can write corresponds tdwo equations, one wherBl[E;] represents

JU JU N;[E;] and one wher®l[E;] representN.J E;]. The rates for

— =Dy — , (3)  the various processes will be different numbers for the trap
IX Jint,Ta IX Jint,Al and the counterelectrode and depend on geometry.

whereD,, is the diffusion constant is Al and the derivatives [N general the time rate of change NfE;] is given by

Dra

are evaluated on the Ta and Al side of the interface, respec-

tively. In the Al trap the quantity) represents the distribu- dNE;] _ IN[E] INIE] INIE]

tion of quasiparticlesabove the gap of TaQuasiparticles dt at i, It Jscat It Twn

scatter below this energy in a time given by, Assuming IN[E/] IN[E/]

the trap is semi-infinite in exteAg the spatial dlstrlbutlon of — — . (6)

quasiparticles above the gap of Ta in the Al trap then decays It rec It lout

exponentially with a diffusion decay length given by,  The terms on the right-hand side represent, in order, the

=\DaiTirap This allows us to write change inN due to the interface currefirap only), scatter-
JU U(x= int, Al) ing, tunneling, recombination, and outdiffusiccounterelec-
— = (4)  trode only. Here we have only included terms which give
IX [int,al lirap first-order effects in the current pulse. This is done in order

to keep the number of adjustable parameters in the model
equal to the number of measurements in our experiments.
Thus all parameters can be determined from experiment

Comparing Egs(3) and(4) allows us to solve for the spatial
derivative ofU at the Ta interface, which we write as

au U(x=int,Al) U(x=int,Al) Higher-order processes such as phonon absorption by a qua-
ax | = (D7D ) = - ' (®) siparticle, quasiparticle recombination with energy exchange,
int.Ta - A=A @D trap and effects due to local quasiparticle traps have been ignored

with Itrapthe effective trapping length. We have also assumedecause they give minimal impact to the output tunneling
the densityU is continuous across the interface, i.6(x  current. To implement Eq6) we divide up the total energy
=int, Al)=U(x=int, Ta). This continuity holds since we are range betweerr, andA, into M intervals; then we solve
only considering nonequilibrium quasiparticles above thethe 2V coupled differential equations to determine the time
gap of Ta. Equation5) is valid for a trap which is semi- €volution of the system. We describe each term on the right-
infinite in length. In our devicek,,~ 10 um. This is much hand side of Eq(6) separately. _ _
less than the size of the trap, which is of order #0, con- The first term on the right-hand side of E() is the
sidering the quasiparticles have to diffuse the length of th&hange due to quasiparticles entering from the absorber.
junction in order to exit the trapsee Fig. 1 This conserva- Quasiparticles enter only on the trap side at enérgy Thus
tively assumes that the trapping occunsly in the bulk Al the only non-zero term comes from the trap side of the junc-
and not in the “overlap” region between the Ta absorber an§ion at energyEy:
the Al trap. We show below that this is indeed the case.

To implement Eq(5) into the model, the derivative on the
left-hand side of Eq(5) is approximated numerically by tak- at

ing its finite difference. Then it can be substituted into theyeree the value of the electron charge, is defined as a posi-
last two columns of the matrices, and B in Eq. (2). The tive number. The second term in &), the change iN due
quasiparticle current that is trappelgl, is given by either to inelastic scattering, is given by the number that scatter into
side of Eq.(3). energy intervalg; from higher energies minus the number
The current;; flows into the Al trap at an energy dfr,.  that scatter from enerdy; to lower energies. This term is the
Once inside the junction the quasiparticles can scatter inelasame for both the trap and the counterelectrode:
tically to lower energy, tunnel to the counterelectrode, or M 1
recombine to form Cooper pairs. In the counterelectrode qua- IN[E] _ N[E;] - NE]
S|part.|cles can melas_tl_cally scatter, tunnel _back to the trap, It lscar jorm Tsl:Eiji] = ELEd
out diffuse into the wiring leads, or recombine. The relative
time scales for these processes determine the time evolutidtere 1/7{E,,Ep] is the rate to scatter from a given energy
of the quasiparticle energy distribution on each side of thee, to energyE,. These rates are computed using the expres-

INEW]| (63

int e

(6b)
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sions in Ref. 24 and depend only on the energies and a ma- INJEi] N.dEi]
terial dependent prefactep, to be discussed later. The third ot = P
term is due to tunneling, and differs on the trap and counter- out out
electrode side. On the trap side we have where 1/, is the rate of outdiffusion.
The system of R differential equations(6a)—6f), is
INW[E]| Ny Ei] Nq[Ei] solved by the modified Euler meth®dbecause only full
t B A [E +eV] B A [E —eV] time steps are used; Runga-Kutta methods were not chosen
because it required evaluation at half-time steps, and per-
. Nd Ei +eV] . Ncd Ei —eV] (60) forming the absorber part of the calculation at half-time steps
=1 =] ' was costly in run time. Having solved for the full distribu-
) ] ) ) tionsN,[E;] andN.J E;] as a function of time the current can
Here 1/r,[E] is the tunneling raténto energyE, with the be calculated, which is just the numbii[E] or NoJE]
superscripts “tr” and “ce” indicating which side the quasipar-imes the tunneling rate for each interval. Hole tunneling

ticle is tunnelingfrom; the V is the dc voltage across the fom the trap and electron tunneling from the counterelec-
junction ande is the electron charge. The terms in B80)  yqde contribute a positive current while hole tunneling from
represent, in order, electron tunneling from the trap, holgne counterelectrode and electron tunneling from the trap
tunneling from the trap, electron tunneling from the counter-cqyipte a negative current. Defining current as the flow of
electrode, and hole tunneling from the counterelectrodepositiVe charge we can then write
Electron tunneling raises the quasiparticle energyellin

going across the barrier; hole tunneling lowers itédy Be- lun _ Nyl E;] NulEi] Ned Eil
sides the final energy, the tunneling rate depends on the den- ¢ ~ 2 T"r[E -eV] T [E, +eV] * 7 [E - eV]
sity of states, the electrode volume, and the opacity of the - - -
barrier. Expressions for the tunneling rates and their energy Nd Eil
dependence can be found in the literattE€or the counter- - #°[E -eV]/)’
electrode we have

(6f)

()

Here the terms represent contributions to the tunneling cur-

INJEi] N.JEi] NdEi] rent from, in order hole tunneling from the trap, electron
ot T cerE 4+ T cerE _ tunneling from the trap, hole tunneling from the counterelgc-
tun Tul B+ eVl 7B - eV] trode, electron tunneling from the counterelectrode. The time
N,[E; +eV] . Ny LE;i — eV] : evolution of Eq.(7) is the output of the model and can be
A [E] A TE] (6d) compared to the experimental data.
The fourth term is due to recombination; and is the same on IV. QUASIPARTICLE DYNAMICS
both sides: In this section we compare predictions of the model to
A experiment and discuss the values of the fitting parameters.
INE]| __R N[E ]+ 20V INIE]. (60 We need three types of inputs to the modalexperimental
It | rec V\ia ! ! ' constants(ii) physical constants, ani) fitting parameters.

The experimental constants include the absorber length, the
HereV is the volume of the electrode in questid®, is the  trap and counterelectrode volume, the operating temperature,
recombination rate per unit density of quasiparticles apd the junction dc voltage, the junction normal resistance, and
is the thermal density of quasiparticles, which is athe energy gap in Al. They are fixed by the device geometry
temperature-dependent quantity. The recombination rate i8nd experimental conditions or, in the case of the junction
given by R’ instead ofR to account for an enhancement by resistance and energy gap, extracted from dc measurements
phonon trapping, in the usual fashighln theoryR" should ~ of the I-V curve. The physical constants include the density
be an energy-dependent quantity and be replaced by a matr®f states at the Fermi surface in Al, the critical temperature of
R}, similar to the scattering matrix in E¢gb). In practice we ~ Al, and Kaplan's electron-phonon time in Aty > They are
find that replacing the energy dependence with a single, aextracted from other measurements in the literatéral-
erageR’ is a very good approximation; this is both becausethough we will allow the value of, to vary somewhat. The
the energy dependence is somewhat weak and because fiting parameters are the diffusion constant in(Dg.,), the
overall recombination is not so strong at the temperaturetrapping time(z,y), the absorber loss timejsJ), the trapped
and time scales of interest. The first term on the right-hana¢harge(Qo), and the outdiffusion timér,,). We emphasize
side of Eq.(6e) is the self-recombination term and the sec-that all five fitting parameters are constrainedrxependent
ond is the thermal recombination term. Expressionsnijgr measurements of the current pulses. We will discuss these
andR" can be found in Ref. 28; they depend on the energyfive parameters and their associated measurements and then
gap and critical temperature in the Al electrode, the batfit the time-dependent pulses. We recall that for each photon
temperature, the density of states, agd we can extract its absorption location along the absorber

The final term on the right-hand side of E@e) is the  through the ratio of the two charges.

loss of quasiparticles due to outdiffusion from the counter- The five fitting parameters, their associated measure-
electrode: ments, and theoretical and experimental values are shown in
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TABLE |. Fitting parameters, measurement type, and results.

Fitting Parameter Measurement type Theory Experiment
Diffusion constaniDry) Delay time 40 cri/s 8 cnt/s

Trapping time( 7,y Charge division 6 ns <10ns

Absorber loss timé 7,59 Curvature 2.8 ms 3iis (89 us in Ref. §
Trapped chargéQ) Peak current & 10°e” 8% 10Pe

Outdiffusion time( 7y Total charge 5-1Qs 7.1ps

Table I. The first parameter, the Ta diffusion constant, ispulses for each location and integrating the charge, are also
determined from the difference in the arrival times of theshown, with good agreement.
current pulses in the two junctions, at a specific current The strength of the trapping can be inferred from @e
threshold. This measurement is shown in Fig. 4, where w&s Q by focusing on events close to one junction, where the
plot this delay time versus absorption locatigwo current — charge in one junction is large and the other is small. If the
pulses from a single photon are shown in Fig. 7, where on&apping is fas(small 7, quasiparticles are trapped imme-
can easily see the delay in arrival timeShe data are com- diately and the charge in the opposite junction is nearly zero.
pared with results from the simulation. A good fit for two This will cause the points to extend to both axes. If the
different threshold currents is obtained fBr,=8 cn?/s.  trapping is slow(large 7,p), the points will cluster toward
This value is much lower than the value we calculate usinghe center of the graph; this is because for events near the
the low-temperature resistivity of our Ta, 0.48) cm, which  edges, quasiparticles that are not trapped can diffuse back
would predictDy,=40 cn?/s. If we account for a slowdown into the absorber and cause a finite charge in the other junc-
due to a reduction in quasiparticle group veloéfy?® this  tion. The division of charge in our data can be fit with a
value still only reduces to 27 &fs. The low experimental trapping time ofz,,,<<10 ns. The predicted scattering time
value has been discussed previously and similar results hafer a quasiparticle in Al at the energy of Ta is 6 4isThe
been found in other work, including materials other thanmeasurement is not sensitive enough to confirm a more pre-
Ta3* The physical origin of the slow diffusion of quasiparti- Cise agreement. The fact thaf,, is not significantly longer
cles remains an open question in the tunnel junction detectédhan 6 ns suggests very little obstruction of transport at the
field. Ta/Al interface, indicating that the cleaning of the Ta inter-
In Fig. 5 we plot the two charge®; andQ,, versus each face prior to deposition is effective.
other, for two different operating temperatures. Such a plot The value of 10 ns also strongly suggests that the quasi-
can reveal much of the device physics, as has been shown particle trapping occurs in the bulk Al, and not in the Ta/Al
other work!-12With no loss the plot would be a straight line overlap region. In the overlap region the average value of the
for fixed photon energy; some losses are evident in th&nergy gap is higher than in the Al itself. Thus the inelastic
graph, discussed below. Higher energies appear as displacélectron phononscattering time would be mudarger in
lines, such thatQ,+Q,) is larger. One can see the stronger the overlap region, of order hundreds of ns. This would be
line (5.89 ke\) and the weakep line (6.49 ke\j for each incompatible with the 10-ns trapping time we observe. In
temperature. Near the edges the average charge is higher da@dition, if fast trapping occurred inside the overlap region,
to absorptions in the Al trap, where the energy gap is lowerthe Q; vs Q, plot would be different. Events absorbed at the
The fits from the model, obtained by generating curren€nd of the Ta absorber, in this overlap region, would not be
able to cause even a small signal in the other junction. This
would cause the main sequence of events to extend all the

4_
- T
2 :
—_ LF)
$°7] 2
¥ 2 Threshold = 2 nA g
4- E
] =3
-6 T T T —
-100 -50 0 50 100 =y
Absorption Location [um] 0 2 4 6 8 10 12 14 16

Q, [millions of electrons]
FIG. 4. Delay time versus location for threshold currents of 2

and 6 nA. The solid lines show fits from the model assuming a FIG. 5. Q; vs Q, for T=0.225 K (higher charge and T
diffusion constant of 8 cAis. =0.312 K(lower charge The solid lines show fits from the model.
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FIG. 6. Peak currentl; vs I, for T=0.225 K. The solid lines FIG. 7. Two current pulses from a single x-ray-absorption event,
show fits from the model. with fits from the model. T=0.225 K and V=70V.

way to the axes, which is not observed. These facts help
confirm the validity of using the stated boundary condition increated chargeQ,,, and the multiplication-upon-trapping
Eq. (5). factor y. Our simulations of the trapping find thay

The amount of loss in the absorber can be inferred fron=1.6+/-0.2. The value o, is estimated by Zhender, who
the degree of curvature in th@; vs Q, plot. Quasiparticles predicts 40% of the energy should go into phonons; this
created in the center of the device have to diffuse a longegives Q.,=0.6(E, 4/ A15)=5X 10° electrons! Combining
average distance/time, and are more susceptible to losthese two we predict a value @J, of 8 X 10° electrons, in
Since the diffusion constant is constrained by the delay timgood agreement. However, the experiment is only sensitive
measurement, we vary the value % to fit the data. The to the total trapped charge; it cannot yet differentiate between
value we find for these devices 1§ss=31 uS. Experiments the mechanisms of quasiparticle creation and multiplication
on newly fabricated devices find a larger value gf,s  upon trapping.
=82 us; the difference between the two values is believed to The remaining fit parameter is the outdiffusion time,
be due to a modification of the fabrication process, discussedthich we adjust in the model to fit the total char@®,
in Ref. 7. Both of these values fall well below of the theo- +Q,) after the value 0@, has been set. The fits are shown in
retical value for the loss due to thermal recombination in TaFig. 5. We find a good fit for an outdiffusion time of 7us.
2.8 ms? We speculate that the loss is due to local depresThe complex shape of the junction and the wirifidg. 1)
sions in the energy gap, causing quasiparticles to be confinatlakes,,, somewhat difficult to estimate, since we do not
until they eventually recombin®. Such depressions can re- know exactly what average length the quasiparticles must
sult at the surfaces or due to perpendicular magnetic-fluxiiffuse before they can no longer tunnel. A rough estimate
penetration. The latter can occur if there is a small misalignwould be 200um from the center of the junction, which
ment in the parallel field required to suppress the Josephsanould make 7,,=(200 um)?/Dx=6.7 us, in reasonable
current. These losses limit the size of the absorber one caggreement with the date. Note that the diffusion constant in

eventually usé. _ Al (Dn =60 cnt/s, measured in a separate defjcdike
With the values oDr,, 7iess and 7yrqp fixed, the shape of D, is also smaller than expected.
the Q; vs Q, plot (for a given energyis determined. How- We have used events from the entire absorber to give a

ever, the magnitude of the charge that tunn@stQ,, de-  pest-fit value for the fitting parameters; what remains to be
pends on two other parameters. The first is the trappeglone is to look at the time dependence oiagle pair of
charge Qo, which is the charge that enters the junction. Notecyrrent pulses to see if the time-dependent current from the
that this is not necessarily equal to the charge created by th@odel fits the observed wave forms. This is shown in Fig. 7,
photon(see below The second is the outdiffusion timg,+. ~ where we show the two pulses from a single absorption
Quasiparticles that do not diffuse away can tunnel multipleevent and their fits. All the inputs to the model at this point
times, adding to the total charge. We can distinguish betweegre constrained; there are no adjustable parameters at this
these two by the shape of the pulsee Fig. 7. Charge that point. The excellent agreement obtained in Fig. 7 confirms
initially enters the junctior{Qp) tunnels early in the current our diffusion-tunneling model and gives us confidence for
pulse, and thus affects the value of the peak current. Chargarther exploration of the device physics.
that continues to tunnel due to slow outdiffusion,,,) ap-
pears near the end of the pulse and does not affect the peak
current. Thus we varg to fit the values of the peak current
and then varyr,, to fit the total, tunneled charg&;+Q,). In this section we explore the effects of the quasiparticle
In Fig. 6 we plot the peak current in one junctidp,, energy distribution in the junction electrodes. When the qua-
versus the peak current in the other junctibs, for a data  siparticles enter the Al trap they do so at an energy\gf
set. A best fit from the model is shown with a value@f =700uV=4.1A,. The time for a quasiparticle to scatter be-
=8X 10° electrons. The valu€, is a product of the initially  low this energy, emitting a phonon, is the trapping time. As

V. QUASIPARTICLE ENERGY DISTRIBUTION
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FIG. 8. Calculated energy distribution in the Al trap during tun-  FIG. 9. Junction |-V curve for the quiescent state and the dy-
neling, after 0.1 and jis. The value okT,is 17ueV, soitis clear  namic state Jus after photon absorption. The I-V in the quiescent
that the energy distribution is hotter than thermal. Although thestate is measured, whereas the one for the dynamic state is a calcu-
distribution is nonequilibrium, it can be approximated with an ef- lated estimate. A typical operating point, shown at abouyi\3ds in
fective temperature of about 0.7 K. the flat region of the |-V in the quiescent state but moves to a region

) . of larger slope in the dynamic state.
we saw abovesi,,< 10 ns both in theory and in our mea-

surements. This is much faster than the tunneling time, abouircuit impedance and noise, it is often useful to represent the
2.4 us in our device. One might conclude from this that thedistribution with a single number for the time of peak current
quasiparticles will completely thermalize before they tunnel flow, the tunnel time. In that case we characterize the distri-
having all scattered to an energy within approximately timedution with an effective temperatuiBy where Teg> Tpam
KTpatn Of the Al gap. Howeverg,, is the time for a quasi- The value ofTe is chosen by finding the temperature whose
particle to scatter tany energy below 4.4, not necessary thermal I-V curve(normalized to the number of photon-
to within an energy okT,.;, aboveA,. The time for the induced quasiparticlghias the same slope as the |-V curve at
whole distribution to thermalize is much longer. This is be-the bias point during the peak of the tunneling pulsee
cause as quasiparticles reach lower energies the scatterihglow). We estimateT;=0.7-0.8 K.
time is longer, due to the decreasing phase space for phonon The high value ofT¢ has a major effect on the voltage
emission. Hence quasiparticles which do not scatter to withimlependence of the tunneling current. In Fig. 9 we show the
KTpatn OF Ap in their first scattering event will survive much |-V curve for two conditions{i) the quiescent state, with no
longer at their new energy and the full thermalization will excess tunneling current; arii) the dynamic state, shortly
take longer than the initial 10 ns. after photon absorption, where there are extra quasiparticles
In order to gain insight into the thermalization process weon the trap side at a temperature Bf=0.7 K. The first
have done a computer simulation of the time dependence @furve is the actual dc current measured by our electronics;
the energy distribution. We look at a subset of the full currenthe second curve is a calculation of the expected behavior.
model to focus just on the inelastic scattering in the trapMe observe that a typical bias voltage of 70x80is in the
electrode. We start with 8 10° quasiparticles at 44, in  flat region of the I-V curve in the quiescent statew
the Al trap and use the set of equations in E&p) to solve  conductance/high resistancbut moves to a region of larger
for the time evolution of the energy distribution. We ignore slope(higher conductance/lower resistanckiring the pho-
the counterelectrode entirely and the other terms in(By. ton pulse. This increase in slope is larger than the expected
The results are shown in Fig. 8, where we show the quasincrease due solely to the extra current flowing. The relation-
particle concentration as a function of energy, at 0.1 ans.1 ship between the quasiparticle energy distribution and the
From the graph we can see there are still a significant num-V curve has been discussed in detail previodéyhe fact
ber of quasiparticles in the range 70-1®)Y even after is.  that there are quasiparticles at energies higher than a few
Given thatkT,,=17 eV in our experiments, the assump- times kT, allows for more transfer of charge as holes,
tion of a thermal distribution while tunneling is incorrect. We against the bias, and this causes the increase in $f5fide
have included no phonon absorption by quasiparticles in thincrease in slope has two effects: the junction conductance is
calculation, which would only increase the average quasipaincreased during tunneling, and the total collected charge is
ticle energy. The essential point of Fig. 8 is that given thenow a stronger function of bias voltage. We now demonstrate
rates for phonon emission, there is simply not enough timghese effects experimentally.
for the distribution to thermalize before the quasiparticles We can first estimate the conductance of the junction dur-
start tunneling. ing the pulse using the model developed in Sec. Ill. We
This energy distribution for quasiparticles in the trap isassume a dc bias voltage of @V, where the quiescent re-
inherently nonequilibrium and does not have the shape of aistance(dl/dV)™! is approximately 15 &. We run the tun-
thermal distribution. In our model wexplicitly keep track of  neling current calculation for two different bias voltages, one
the time evolution of this nonequilibrium distribution. Nev- at 80.5pV and one at 79.uV. We consider an absorption
ertheless, for the purposes of discussing effects related to tlevent at the center of the absorber. At each time step we add
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FIG. 10. Simulation of the effective junction resistancg; Rur- FIG. 11. Peak currer(l ) vs bias voltagéVy), for events from
ing a pulse for V=80 wV and T=0.225 K. The event is calculated the center(X,=0 um) and near the edgéX,=75um) for T
to be from the center of the absorber. The value gf ®ops below  =0.225 K. The solid lines show fits from the model.

3 k) during the peak of the pulse. ] o )
value of the junction impedance at the peak of the pulse. This

the excess tunneling current from the calculation to the quiyalue is about 2.58 for events from the center and 1.5tk

escent current and estimate the differential resistance fro&?r events near the _edgg. The lower resistance near_the_edge
the current at these two voltages: is due to the larger junction current and faster collection into

the trap. The 2.5 value for absorption events at the center
1 uV agrees well with the minimum resistance reached by the
Reff = I(Vgo=80.5 uV) — [ (Vgo= 79.5 uV) (®) simulation in Fig. 10 and is again much lower than expected
if there were a thermal distribution of quasiparticles in the
Here | is the total curreniquiescent plus excesShe results  junction.
are shown in Fig. 10, where we plBL versus time. We can Another estimate of the junction resistance during a pulse
see that before the pulse the resistance isQpbut drops to  can be made by adding series resistance to the junction, thus
less than 3 R at the peak of the pulse. The observed peakeducing the amount of charge collected by the amplifier.
current for an event from the center is about 55 nA; theFigure 12a) illustrates the idea. The junction is modeled as a
quiescent current is about 25 nA. If there were no change igurrent source in parallel witR.. The current amplifier and
the energy distribution, one would expect a junction resisany added series resistar(&) are in parallel. PhysicalliR,
tance of 15 K)'(25 nA/55 nA=6.8 K at the peak of the corresponds to a variable resistor added in series with the
pulse. The model, which keeps full track of the nonequilib-amplifier. The current amplifier looks like a low impedance,
rium energy distribution, predicts a junction resistancearound 100(). In Fig. 12b) we plot the total collected
smaller than that. charge versuR,, and fit the charge reduction with the simple
An experimental estimate of the junction resistance durresistive division indicated by Fig. 8. We find fitted val-
ing a pulse can be obtained by looking at a graph of the pealies ofR.4=3.06 K for events from the center and 1.58k
current(l,) versus dc bias voltage. This is shown in Fig. 11.for events from the edge, in agreement with the above mea-
The peak of the measured current pulse is plotted as a funsurements. We also note from Fig.(bhpthat the charge re-
tion of bias voltage. Two different absorption locations areduction is different for different locations in the absorber.
shown, at the centef0 um) and near the edgé+75 um), Events from the edge suffer more reduction due to their
with fits from the model. The model once again shows goodower Ry;. This has the opposite effect as quasiparticle losses
agreement. The slope of the grapdhl,p/dv)‘l, represents the in the absorber, which reduce the charge more for events in

@ 12,5 -
o
5 =75 pm: R = 1.55 kQ
81204 % o FIG. 12. Charge reduction cause by the low
.ﬂ) . . .
= - vaIue_ofReﬁ durmg a pul;e(a) Electrlc_:al equiva-
§ 11.5 4 lent circuit, showingRes; in parallel with the am-
L Q = plifier (Ry) and added series resistar(€). Due
had ' H11.04 to the low value ofR.¢ a fraction of the x-ray
“éo current does not flow through the amplifigR,).
& 10.5 / (b) Total charge vdRs. Increasing the value dig
= P — 2306 KO reduces the total charge. The data is fit with a
2 10.0 Xo=O0pm: Rys=3. .
= value of Rg of 3.06 K2 for events in the center
T T I T T and 1.55 K) for events on the edge.
0 100 200 300 400

Series Resistance [€2]
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£ =kTpa/ €. Stronger electron-phonon couplitgmallerry) increases
12 _(ﬁ the amount of thermalization prior to tunneling and results in more
collected charge.

tering is faster and more charge is collected. In principle this
dependence can be used to fit the valueypbut in practice

the dependence is a bit too weak. The dependence of charge
on bias voltage also leads to a noise term in the energy reso-
lution, which has also been discussed previofisly.

Q, [millions of electrons]
[~
|

. Ayl

0 [ B e e S R The dependence of the collected charge on temperature is
0 2 4 6 8 10 12 14 16 also a measure of the electron-phonon time in our Al films.
Q; [millions of electrons] Two quasiparticles that recombine to form a Cooper pair

must also emit a phonon; thus the recombination rate is pro-
portional to the phonon-emission rate. The temperature de-
pendence arises because the recombination rate scales with
the density of quasiparticles. This quantity, is included in

. i the model in Eqg.(6e). More thermal quasiparticles cause
the center. In Fig. 13 we show plots @, vs Q; for series  ore recombination in the trap, and hence less charge tun-
resistances of 100 and 4Q0. In the 400¢) case the plot | from the trap. Figure 15 shows the total charge versus
appears to “straighten” out. This follows from Fig. (b2 {emperature with fits from the model, again for larger and
because the events from the edge have more reduction thamaller values of. It is clear here that the value of has a

events from the center. The fact that simply adding seriegyonger impact than in Fig. 14, so we can try to use this data
resistance can change the apparent curvature is a striking find a fitted value ofr,

effect. Since the curvature is used as a measure of the qua- |, order to make a plot such as Fig. 15 one must be

siparticle loss time, one should be careful to check the seriesyrefyl to differentiate between the two different rolesrgf

impedance of the circuit when inferring the loss time in simi- ¢ |0 temperatures, where there are essentially no thermal
lar devices. A similar effect on th@; vs Q, has also been

seen versus bias voltage.

With a lower junction resistance the amplifier voltage
noise should also matter more for measurements of the noise
and energy resolution. These effects have also been dis-
cussed previously, and in fact are one of the major limiting
factors in the energy resolution of these tunnel junction
detectors.

The second consequence of larger slope in the dynamic
I-V curve (Fig. 9) is that the collected charge is a function of
bias voltage. This effect has been discussed in previous
work > A plot of the total charge versus bias voltage is 0 —
shown in Fig. 14, with the fit from the model. We also in- I ' I ' I ' !

' L 0.20 024 0.28 0.32
clu_de fits for vaIL_Jes of the electron-pho_non scattering tigie Temperature [K]
which are two times larger and two times smaller. With a
longer electron-phonon time the thermalization is slower, FIG. 15. Total collected charge temperature, with different fitted
meaning more quasiparticles remain at higher energies anglues ofr,. The value ofr,=0.44 uS best fits the data, but does
less charge is collected. With a shorter valuergthe scat- not include the effects of phonon trapping.

FIG. 13. FullQ; vs Q, plots for (a) Rs=100Q) and (b) Rg
=400(). The 400€) plot appears to straighten out due to the in-
creased charge reduction near the edges.

'S
l

Q, + Q, [millions of electrons]
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quasiparticles, the thermalization of photon-induced quasithe effects of the dynamics and energy distribution of non-
particles prior to tunneling is the dominant process affecte@quilibrium quasiparticles. A full model calculation, includ-

by 7. Smaller values ofy give more efficient thermalization ing the effects of diffusion, trapping, tunneling, inelastic

and a larger collected charge. At high temperatures, wherecattering, recombination, and outdiffusion, explains the
there are a significant number of thermal quasiparticles, remeasured tunneling current from photon-induced quasiparti-
combination is the dominant process affected gy Here  cles. The fitting procedure is done with no adjustable param-
smaller values ofry give asmaller collected charge due to eters and yields values for the diffusion constant in the ab-
more recombination. Curves for differerg must thus Cross  gorher, the loss time in the absorber, the trapping time, the
over, as seen in Fig. 15. For this temperature study we arganneq charge, and the outdiffusion time. Some of these
interested ironly the effects of recombination, not thermali- | o jes disagree with theory and provide incentive to further

zation. If we change the value of in the model, we change study these devices. Measurements of the tunneling current
boththe amount of thermalization and the recombination. Toss a function of voltage and the series resistance of the cir-

study the recombination alone, we remove the effects of thers it qemonstrate that the quasiparticle energy distribution is

malization by adjusting other parameters in the model. Sincg; 5 higher effective temperature than the bath during tunnel-
thermalization effects are independent of temperature, this 9. Combining the fits from the model with the voltage and

easily done._ N temperature dependence of the charge we study different val-
_For the different values ofy in Fig. 15 we have made o5 of the electron-phonon time, a very important parameter
slight adjustments @, in order to remove the effects of ¢4 the study of electrons at low temperatures. Our fitted
thermalization on the total charge. These adjustments arg,| es are within the range of those found in other work.
within the uncertainty of thg previous fitting. We now find  The value of these experiments can be seen in both the
that the value ofr, that best fits the temperature dependence,;,re performance of superconducting photon detectors and
of the charge '370:0'44“3' This is in fact the same value o nasic physics of quasiparticle transport and tunneling.
calculated by Kaplaret al: . ., . The unsolved problems of the slow diffusion and the cause
One might consider this a “measurement’gfbut this is ¢ |osses in the absorbing film suggest more research in this
only partially the case, as we have not accounted for the e, \ith both new physics and improved detectors a possi-
effects of phonon trapping. When two quasiparticles recomyjiny The question of quasiparticle transport in more com-
bine, they emit a phonon with energy greater than # lex geometries can be approached by the formalism we
these recombination phonons do not quickly diffuse away, e developed. The problem of the energy relaxation gives
from the junction, they can break additional Cooper pair§ncenive to investigate other materials, with a smatigifor
and re-form quasiparticles. This can increase the effeCtiv@etector tunneling electrodes. In addition, it emphasizes the

recombination time, making the value gfappear larger. We o416 gne must take in interpreting future quasiparticle tunnel-
do not know the exact amount of this enhancement; a naiVe,g experiments.

estimate is a factor of 2. This would predict a valuegf
=0.22 S, which is smaller than the value calculated by Ka-
planet al, but in closer agreement to other experimerits.
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