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We used the band structure of a mesoscopic Josephson junction to construct
low-noise amplifiers. By taking advantage of the quantum dynamics of a
Josephson junction, i.e., the interplay of interlevel transitions and the Coulomb
blockade of Cooper pairs, we created transistor-like devices, Bloch oscillating
transistors, with considerable current gain and high-input impedance. In these
transistors, the correlated supercurrent of Cooper pairs is controlled by a small
base current made up of single electrons. Our devices reached current and
power gains on the order of 30 and 5, respectively. The noise temperature was
estimated to be around 1 kelvin, but noise temperatures of less than 0.1 kelvin
can be realistically achieved. These devices provide quantum-electronic building
blocks that will be useful at low temperatures in low-noise circuit applications
with an intermediate impedance level.

Charge quantization in nanoelectronic devic-
es is expected to lead to a variety of novel
components. The most important invention
so far is the single-electron transistor (SET)
(1, 2), which presents an unsurpassed charge
sensitivity both in the normal and supercon-
ducting states (3). Fast SETs are good candi-
dates for readout devices in solid-state quan-
tum computers (4). Owing to its small input
capacitance, a SET works extremely well
with large source impedances, and various
applications of SETs have been proposed ac-
cordingly (5).

Superconducting quantum interference
devices (SQUIDs) reach extremely good
sensitivity with small-impedance sources
(6 ). They are the common choice for mea-
surements trying to approach the standard
quantum limit or even attempting to go
beyond it. At intermediate impedance val-
ues (�1 megohm), both SETs and SQUIDs
run into problems due to impedance mis-
match that seriously degrades their perfor-
mance in this regime.

We present an experimental demonstra-
tion of a Bloch oscillating transistor (BOT)
that is a good device candidate for interme-
diate impedance levels. The principle of the
device (7) takes advantage of the interlevel
transition probabilities and relaxation phe-
nomena in a quantum Josephson junction
( JJ), whereby it is possible to construct a
device in which a small current of single

electrons is used to generate a substantially
larger (super)current of Cooper pairs. In our
experiments, a ratio of more than 30 has been
reached between these two currents.

The quantum behavior of a superconduct-
ing junction is described by the Schrödinger
equation (8)
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where � is the wave function describing the
state of the JJ, E is energy, � is the phase
difference of the order parameter across the
junction, EC � e2/2C denotes the Coulomb
energy set by the junction capacitance C, and
the Josephson coupling energy EJ � [(h/2�)/
(2e)]IC is given by the critical current IC of
the junction (h, Planck’s constant; e, electron-
ic charge). From this Mathieu equation, en-
ergy bands (Fig. 1) should be formed in a
similar manner as that formed for electrons in
a periodic potential (9). In the limit of small
Josephson coupling, EJ/EC �� 1, the width of

the lowest band is nearly equal to EC, and the
gap between the first and second bands is
given by EJ. In the strongly superconducting
case, EJ/EC �� 1, the bandwidth becomes ex-
ponentially small with exp[–(8EJ/EC)1/2], and
the gap grows as (8EJEC)1/2. This scenario is
valid only if the quantum fluctuations of charge
are suppressed by a resistance RC � RQ �
h/(2e)2 � 6.5 kilohms in the immediate vicinity
of the junction (RC, resistance of the environ-
ment; RQ, quantum resistance); i.e., the lead
capacitance is blocked off from the junction.

The basic quantum dynamics of a JJ in-
volves Bloch oscillations and Zener tunneling
(illustrated in Fig. 1, left). Bloch oscillations
take place when the state of the junction
adiabatically follows its ground state. Under
the influence of a weak current bias, charge Q
of the JJ runs along the band, which leads to
Bloch reflection at the Brillouin zone bound-
ary (indicated by the horizontal line in Fig. 1,
left). This time-correlated tunneling of Coo-
per pairs is characterized by a frequency fB �
I/2e in a current-biased JJ.

Zener tunneling occurs when the junction
leaves its ground state at the Brillouin zone
boundary by tunneling through the forbidden
energy gap without a change of charge. As
the bias current increases, the probability of
crossing the band gap by Zener tunneling
grows according to the formula (EJ �� EC)

PZener � exp(	IZ/I ) (2)

where the Zener breakdown current IZ �
{(�eEJ

2)/[8(h/2�)EC]} (10). Thus, at bias
currents I � [(�EJ)/(16EC)]IC, the probability
of Zener tunneling becomes substantial.

Relaxation downward from higher bands
can be induced either by an intrinsic mecha-
nism at rate 
2 or by an external quasiparticle
injection 
ext. If 
2 �� 
ext, then external,
active control of the junction dynamics can
be achieved. 
2 is a strong function of the
environmental impedance RC, and it can be
made small when RC �� RQ and when tem-
perature T is small (11).

To go beyond the regime of Coulomb
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Fig. 1. Basic processes
of a BOT in the charge
space. (Left) Bloch os-
cillation on the lowest
energy band E (0) is
denoted by the closed
red loop. Occasional
Zener tunneling to the
second band E (1) is
marked by the vertical
orange arrow, and the
relaxation induced by
external quasiparticle
injection is indicated
by the slanted orange arrow. On the lowest band, the largest possible voltage across the JJ is at point
A, given by VJJ

max � dE(0)/dQ�max; point B denotes the location where VJJ � Vbias. (Right) The voltage
of the Josephson junction (VJJ) is displayed as a function of time. The upward and downward tunneling
rates, 
1 and 
2, as well as the quasiparticle tunneling rate 
B are discussed in the text. A moving
picture of the working cycle of the BOT can be found in Movie S1.
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blockade of Cooper pairs (12) and to have a
supercurrent I flowing in the JJ, the biasing
voltage has to satisfy Vbias � dE(0)/dQ�max,
the maximum slope of the lowest band (point
A in Fig. 1, left). Then the junction will
propagate along the lowest level and perform
Bloch oscillations in a periodic manner at fB.
When the current increases, the probability of
crossing the band gap by Zener tunneling
grows. By properly selecting the ratio of EJ/
EC and the current I, one can tune the prob-
ability ratio PZener/PBloch so that the state of
the junction will tunnel into the second band
after a few Bloch oscillations (N on average).

If Vbias � dE(1)/dQ�max, the maximum
slope of the second band, then the state of the
JJ will become stationary on the higher band
after Zener tunneling. If there is no intrinsic
relaxation (
2 3 0), the junction will not
relax and it will remain stationary, i.e., Cou-
lomb blockaded on the higher band (e.g., at
point B in Fig. 1, left). Consequently, there
will be no supercurrent in the JJ before relax-
ation takes place, owing to externally induced
quasiparticle tunneling (indicated by the
slanted orange arrow in Fig. 1, left). After
relaxation, the junction will again resume the
sequence of Bloch oscillations. In this way, a
small current of injected quasiparticles results
in a 2N-amplified current of Cooper pairs.
The voltage VJJ(t) over the JJ during the
principal cycle of the BOT is illustrated in
Fig. 1, right: VJJ(t) either varies sinusoidally
at fB or is fixed by Vbias. The transition from
the former to the latter takes place over a time
scale set by the RCC time constant, whereas
the opposite occurs within the electron tun-
neling time. The simplest realization of the
BOT consists of a JJ, a normal metal tunnel
junction (NIN), and a compact large resis-
tance RC (Fig. 2, top).

To estimate the current gain � of the BOT,
we can incorporate the relaxation rate due to
the base current IB, 
ext � 
B � IB/e, into the
total downward transition rate [which be-
comes 
2 � 
B (Fig. 1, right)]. Assuming
that the time constant for charge relaxation
 � RCC can be neglected and that IB flows
only when the JJ is Coulomb blockaded, one
may write for the BOT gain (VC � e/C)

� �
dIC

dIB
�

VC

eRC

1


1 � 
2 (3)

Here IC denotes the collector current and VC

is the total transport voltage. This equation
predicts current gains on the order of 10 at
EJ/EC � 0.7 and T � 0.1 K. Further details
can be found in (13).

We also performed more elaborate analy-
sis of the BOT operation based on the appli-
cation of P(E) theory to the tunneling rates
(14). The P(E) theory takes into account
probabilities of inelastic tunneling processes
in a resistive environment where phase fluc-
tuations are governed by RC, and thereby, it

allows us to simulate the operation of the
BOT in a more reliable manner than was
possible in the first simulations (7) based on
the orthodox theory. By taking into account
both the inelastic Cooper pair and quasipar-
ticle tunneling, we obtained I-V curves simi-
lar to the measured ones. Contrary to Eq. 3,
these simulations show that a small (on the
order of 1 nA, strongly dependent on VC)
base current is needed to reach � � 10.
According to our simulations, the maxi-
mum current gain takes place around EJ/
EC � 1, i.e., in a region where the approx-
imations used (EJ �� EC) start to break
down; hence, all the reported simula-
tion results in this study should be consid-
ered as indicative only.

For technological reasons, our practical
realization of the BOT is slightly different
from the scheme shown in Fig. 2. Instead of
the NIN junction for injecting quasiparticles,
we used a superconductor-normal metal tun-
nel junction (SIN). This is a somewhat less
desirable choice, but manufacturing such a
device is nonetheless complicated because it
requires a rather elaborate four-angle evapo-
ration process (15). The sample structure
consists of three elements: an Al-AlOx-Al JJ
[SQUID-like geometry for tunability (15)]
with tunneling resistance RT

JJ � 5 kilohms; a
superconducting-normal Al-AlOx-Cu tunnel

junction with RT
SIN � 10 kilohms; and a

thin-film Cr resistor of RC � 50 kilohms (20
�m long), located within a few �m of the two
junctions. A scanning electron micrograph of
a manufactured BOT device is displayed in
Fig. 2, bottom.

The measured I-V characteristics of a hys-
teretic BOT device, called H, are illustrated
(Fig. 3) at a few values of base current IB.
The voltage VC denotes the full voltage
across the Cr resistor and the JJ. The base
current to the SIN junction is injected by
means of a 100-megohm bias resistor at room
temperature, but this biasing effectively be-
comes a voltage bias owing to the line capac-
itance of the coaxial line inside the cryostat.
The active region, where IB has a large effect,
is small and moves with increasing IB. The
I-V curves are slightly hysteretic with respect
to the direction of the voltage ramp; of our
three samples, only sample H (15) showed
hysteresis. The hysteresis is related to the fact
that a variable part of IB causes only intra-
band transitions, not relaxation from the up-
per level.

There is a substantial asymmetry with re-
spect to the polarity of VC in the I-V curves of
sample H (the region where �VC� is slightly
below the hysteresis loop in Fig. 3). At IB �
�0.8 . . . �1.2 nA, the maximum current-
induced change at VC � 0 is �10 times that
at VC � 0. We consider this asymmetry as
very strong proof that the underlying princi-
ple of the BOT operation is working: Relax-
ation due to quasiparticle tunneling can take
place only under one polarity (16). If the
device would work as a parametric amplifier
owing to IB-induced changes in the environ-
mental impedance, then the behavior should
be symmetric. The maximum current gain is

Fig. 2. (Top) Implementation of a Bloch oscil-
lating transistor. RC denotes the collector resis-
tance; bias currents and the corresponding volt-
age sources are also marked. (Bottom) A scan-
ning electron micrograph of a manufactured
device in which the normal metal tunnel junc-
tion has been replaced by a SIN (Al-AlOx-Cu)
tunnel junction.
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Fig. 3. Current-voltage characteristics for a
hysteretic BOT device (sample H) at base cur-
rent IB � 0 (black), 0.4 nA (red), 0.8 nA (green),
1.2 nA (blue), and 2 nA (magenta). The param-
eters of the device are as follows: EJ � 78 �eV,
EC � 50 �eV, RC � 54 kilohms, RT

JJ � 7.7
kilohms, and RT

SIN � 5.8 kilohms, where RT
JJ and

RT
SIN refer to the resistances of the Josephson

and SIN junctions, respectively. Up and down
voltage sweeps are represented by the solid
and dotted curves, respectively.
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obtained at IB � 1 nA, which is consistent
with our simulations using P(E) theory.

In the measured current gain at IB � 1 nA
on a nonhysteretic sample (NH) (Fig. 4), the
gain is seen to peak rather strongly with
respect to the transport voltage; the peaking
of the current gain becomes more prominent
with increasing values of �. This peaking
reflects the strong dependence of Zener tun-
neling on the external current. However, neg-
ative feedback can always be used to enhance
the operating region.

As a function of EJ/EC, we find a maxi-
mum, � � 35, at an optimum ratio of EJ/
EC � 3.4. Such a large ratio for EJ/EC means
that higher bands of the junction are involved
in the process: The lowest bands are too
narrow to present a Coulomb blockade that is
as large as that needed for the BOT operation.
This factor has not yet been taken into ac-
count in our simulations. Above the optimum
ratio, the gain drops quickly. At present, the
rapid decrease of gain at large values of
EJ/EC is not understood, and it may be a
weakness of our nonoptimized first devices.

The other main characteristics of a low-
noise amplifier are the available power gain
�, the bandwidth BW, the dynamic range A,
the optimum input impedance Zopt, and the
noise temperature TN. For the available pow-
er gain of sample NH, we obtained a value of
� � [(Zout)/(Zin)]�2 � 5 by measuring �, Zin,
and Zout. This small value is due to an im-
pedance conversion, i.e., the measured input
impedance follows Zin � �RC, whereas at the
output, Zout � –30 kilohms at the optimum
operating point. The bandwidth is expected to
be limited well below min(1/RCC, fB/�) � 1
GHz, set either by the RC time constant or the
Bloch oscillation frequency. The bandwidth
restricts the minimum value of IB because, at
least, IB � 2eBW, according to the Nyquist
sampling theorem. From the experimental

curves in Fig. 4, we obtain for the dynamic
range A � 50 pA at the largest current gains.
At gains on the order of 10, A � 250 pA.

The noise properties of a BOT are rather
complicated. This is mostly because the
input and output noises are strongly corre-
lated. Consequently, our noise analysis dif-
fers slightly from the standard modeling. A
BOT has two principal noise sources: the
shot noise due to IB and the broadening of
the Bloch oscillation peak caused by the
current fluctuations in collector resistance
RC. Owing to charge relaxation through RC,
a BOT is insensitive to 1/f background
charge fluctuations that severely hamper
the operation of SETs.

The width of the Bloch oscillation peak is
given by the equation (8)


B � (�/e)2kBT/RC (4)

This contribution spreads approximately over
the frequency span of 2 GHz at T � 100 mK
with RC � 67 kilohms. Thus, even though the
total power of the Bloch oscillation peak was
as high as (100 �eV)2, it amounts only to
voltage noise of 2 nV/(Hz)1/2. Further away
from fB, its contribution becomes smaller,
and its share can be neglected below 1 GHz;
indeed, the Bloch peak is so weak and broad
that it is barely visible in the Fourier power
spectra of our simulated data.

The most detrimental noise contribution is
the current fluctuation in due to the shot noise
of IB (17). Because it is inherent to the device
owing to tunneling of electrons at the base,
this noise component must be independent of
the source impedance. In our noise model, the
source independence is achieved with a cor-
related voltage noise generator, en � Zinin, in
the input circuit. Optimization with respect to
the noise factor (18) results in Zopt � Zin and
Tn � Zinin

2/kB � 2eIBZin/kB � eVin/kB. Typ-
ical values for our present samples are Zopt �
300 to 400 kilohms and Tn � 1 to 4 K,
calculated for moderate current gains of � �
4 to 6 at IB � 0.2 to 0.4 nA [in � 8 to 11
fA/(Hz)1/2] (19). With in � 10 fA/(Hz)1/2, the
relative dynamic range becomes better than
80 dB/(Hz)1/2.

Tn may be substantially smaller than the
above estimate. According to our simula-
tions, the base current consists of two parts:
IB � IB1 � IB2, where IB1 induces interlevel
transitions (relaxation), whereas IB2 causes
transitions within only one band. The ratio
IB1/IB2 depends on the operating point and,
typically, we find IB2 � IB1 in our calcula-
tions. Because only IB1 produces current
gain, we expect T n

calc � 2eIB1Zin/kB �� Tn. In
the hysteretic regime, which vanishes with
growing resistance of the base tunnel junc-
tion, the ratio IB1/IB2 has two stable values.
Close to the hysteretic region, the devices
have a large gain, because, in addition to the
change of IB, there will be an enhancement in

output current owing to a change in IB1/IB2.
In principle, a BOT can be used as a

voltage-triggered, single-shot detector at
IB � 0. In this mode, a pair of oppositely
biased BOTs can be used as an “event trig-
ger” detector for charge qubits (20). Unfor-
tunately, only a very small coupling between
the qubit and the BOT is tolerated if one
wants to equal the decoherence times mea-
sured recently by Vion et al. (21).

The most likely application of the BOT
will be a submillimeter-wave detector based
on either a SIN (22) or a SIS (superconduc-
tor-insulator superconductor) tunnel junction
(23). Based on a SQUID readout with a noise
of 50 fA/(Hz)1/2 (24), a SIN detector reaches
a noise-equivalent power of 10	18 W/(Hz)1/2.
Similar noise characteristics are obtained
with SIS detectors, for which SET readouts
have been demonstrated to yield in � 15
fA/(Hz)1/2 (25). Our noise estimates for
BOTs compare well with these results, even
though they are based on first, nonoptimal
devices. It has been suggested (25) that sin-
gle-photon counting could be implemented
with a quantum-limited SET for readout. An
optimized BOT might reach the same perfor-
mance, but in this case, it might be better to
use a BOT as a charge multiplier, i.e., in a
mode where individual charge pulses in the
output are resolved.

BOTs may also find their way into me-
trology, where the detection and comparison
of small quantized currents generated by a
single-electron tunneling current pump is an
issue. Ultimately, the goal is to close the
quantum triangle by combining Josephson
voltage, quantum Hall resistance, and quan-
tum current standards at the level of relative
uncertainty of 10	8. One approach is to use
an amplifier based on a cryogenic current
comparator and a SQUID to multiply the
current generated by a SET pump. The equiv-
alent current noise for such a setup has been
demonstrated to be 4 fA/(Hz)1/2 (26). With a
BOT, one should reach comparable noise
levels, with the further benefit of an on-chip
integration of the readout element.
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7. J. Hassel, H. Seppä, IEEE Trans. Appl. Supercond. 11,
260 (2001).

8. D. Averin, K. K. Likharev, A. B. Zorin, Sov. Phys. JETP
61, 407 (1985).

9. See, for example, G. Schön, A. D. Zaikin, Phys. Rep.
198, 237 (1990).

10. A. D. Zaikin, I. N. Kosarev, Phys. Lett. A 131, 125
(1988).

-0.8 -0.6 -0.4 -0.2

1

10
4.4

4.0 

3.8

3.6 3.3

2.9 

2.6
2.2 

1.8 

β

VC (mV)

Fig. 4. Current gain measured for a nonhyster-
etic BOT (sample NH) when the ratio EJ/EC is
tuned over 1.8 to 4.4. The base current was
fixed at IB � 1 nA to maximize the current gain.
The parameters of the device are as fol-
lows: E J

max � 150 �eV, EC � 35 �eV, RC � 67
kilohms, RT

JJ � 4.3 kilohms, and RT
SIN � 10 kil-

ohms. In this BOT, we also had a Cr resistor of 50
kilohms next to the SIN junction.

R E P O R T S

www.sciencemag.org SCIENCE VOL 299 14 FEBRUARY 2003 1047

5/3



11. A. D. Zaikin, D. S. Golubev, Phys. Lett. A 164, 337
(1992).

12. D. B. Haviland, L. S. Kuzmin, P. Delsing, T. Claeson,
Europhys. Lett. 16, 103 (1991).

13. J. Delahaye et al., Physica E, in press.
14. G. L. Ingold, Yu. V. Nazarov, in Single Charge Tunnel-

ing, Coulomb Blockade Phenomena in Nanostruc-
tures, H. Grabert, M. Devoret, Eds. (Plenum, New
York, 1992), pp. 21–107.

15. Materials and methods are available as supporting
material on Science Online.

16. If quasiparticle tunneling occurs in the opposite di-
rection, the tunneling brings the junction charge Q
further away from the background charge Q0, and the
energy will increase according to [1/(2C)](Q – Q0)2.
Consequently, the junction will make a transition to
the third energy level.

17. The output current is made of charge pulses of size
�e. Therefore, the output current noise is given by
[2(�e)Iout]

1/2 � [2(�e)�IB]
1/2 � �[(2eIB)

1/2], and this

reduces to the shot noise of IB at the input. This
contains all of the noise, except possible leakage
current contributions. The apparent switching volt-
age noise at the output is given simply by the instan-
taneous RCIout(t).

18. A. van der Ziel, Noise in Solid State Devices and
Circuits (Wiley, New York, 1986), chap. 3.

19. There is a small noise contribution from the output
leakage current of �1 nA. Using the measured
transconductance gm � 1/RC (valid when � � 5), we
estimate a contribution of 0.4 K in Tn.

20. Yu. Makhlin, A. Schnirman, G. Schön, Rev. Mod. Phys.
73, 357 (2001).

21. D. Vion et al., Science 296, 886 (2002).
22. M. Nahum, J. M. Martinis, Appl. Phys. Lett. 63, 3075

(1993).
23. A. Peacock et al., Nature 381, 135 (1996).
24. See, for example, D. Golubev, L. Kuzmin, J. Appl. Phys.

89, 6464 (2001).

25. R. J. Schoelkopf, S. H. Moseley, C. M. Stahle, P. Wahl-
gren, P. Delsing, IEEE Trans. Appl. Supercond. 9, 2935
(1999).

26. Y. De Wilde, F. Gay, P. M. Piquemal, G. Génevès, IEEE
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Exposed Water Ice Discovered
near the South Pole of Mars

Timothy N. Titus,1* Hugh H. Kieffer,1 Phillip R. Christensen2

The Mars Odyssey Thermal Emission Imaging System (THEMIS) has discovered
water ice exposed near the edge of Mars’ southern perennial polar cap. The
surface H2O ice was first observed by THEMIS as a region that was cooler than
expected for dry soil at that latitude during the summer season. Diurnal and
seasonal temperature trends derived from Mars Global Surveyor Thermal
Emission Spectrometer observations indicate that there is H2O ice at the
surface. Viking observations, and the few other relevant THEMIS observa-
tions, indicate that surface H2O ice may be widespread around and under
the perennial CO2 cap.

Determining the abundance and distribution
of surface and near-surface H2O ice is fun-
damental both for understanding the martian
hydrological cycle and for the future explo-
ration of Mars. H2O ice, at or near the sur-
face, is available for surface interactions and
exchange with the atmosphere. H2O ice that
is buried a meter or more beneath the surface
has a time constant for interaction with the
atmosphere that is longer than a martian year
and is thus relatively inactive (1). In addition,
H2O ice that is in the top few centimeters of
soil will probably be accessible to future
robotic probes and ultimately human explo-
ration. Apart from the residual north polar
cap, exposed H2O ice may be limited to
certain types of topographic features having
spatial scales on the order of hundreds of
meters rather than hundreds of kilometers.

The martian seasonal caps had been erro-
neously identified as H2O (2) before model-
ing (3) indicated that CO2 provided an excel-
lent fit to the seasonal progression of the
caps. The north polar perennial cap was then

determined to be H2O ice on the basis of
observations of late summer surface temper-
atures (4) and associated atmospheric water
vapor abundances (5). In late summer in the

south polar area, when the seasonal CO2 has
retreated to its annual minimum extent, the
only exposed volatile material to be identified
has been CO2 (6, 7). Annual temperature
observations of the north polar region also
indicated the presence of ground H2O ice (8),
but no H2O ice was identified in the southern
hemisphere, although thermal modeling indi-
cated that H2O ice would be stable in the
subsurface (1). The mean annual atmospheric
H2O saturation temperature is higher than the
mean annual surface temperature in the south
polar region, indicating that H2O accumula-
tion is inevitable. Thus, the extensive layered
deposits in both polar regions have common-
ly been assumed to contain H2O ice (9–11).
Viking thermal observations indicated the
difficulty of thermally detecting H2O ice be-
low a few centimeters of dust, and no positive
identification of H2O ice has previously been
made in the southern hemisphere (12). Mod-
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North Gemini Drive, Flagstaff, AZ 86001, USA. 2De-
partment of Geological Sciences, Arizona State Uni-
versity, Tempe, AZ 85287, USA.
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Fig. 1. Simultaneous THE-
MIS infrared (IR) and VIS im-
ages near the south polar
cap at Ls � 334°; illumina-
tion is from the top. The
false-color image is THEMIS
IR image I00910002 (band
9, 12.6 �m). The darkest ar-
eas in the image are near
145 K, and the brightest,
near 220 K; the strip is
32 km wide. The gray in-
sert is THEMIS VIS image
V00910003 (band 3, 654
nm). The thermal image is
overlaid with a sketch of the
individual thermal units: C,
solid CO2 on the surface; D,
a dry, gently sloping unit
that is dark and hot (the
classic “dark lanes” through
the perennial cap); I, the flat-
lying unit of intermediate al-
bedo and temperature (wa-
ter ice); S, a warmer and
darker flat-lying unit (soil).
The numbered black rectan-
gles are regions of interest
(ROIs) used to accumulate seasonal data. The white rectangle outlines the position of the VIS image, shown
to the right as the grayscale image.
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