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The Radio-Frequency Single-Electron Transistor t lv1 '1ofafe~ ' f l f i  = l"4 X J/Hz) 
W ~ t h  the  advent of t h ~ s  trull h~gh-apeed 

(RF-SET): A Fast and Ultrasensitive Electrometer ,,d ,ore sensltl,7e lnall, 

R. J. Schoelkopf,* P. Wahlgren, A. A. Kozhevnikov, 
P. Delsing, D. E. Prober 

A new type of electrometer is described that uses a single-electron transistor (SET) and 
that allows large operating speeds and extremely high charge sensitivity. The SET 
readout was accomplished by measuring the damping of a 1.7-gigahertz resonant circuit 
in which the device is embedded, and in some ways is the electrostatic "dual" of the 
well-known radio-frequency superconducting quantum interference device. The device 
is more than two orders of magnitude faster than previous single-electron devices, with 
a constant gain from dc to greater than 100 megahertz. For a still-unoptimized device, 
a charge sensitivity of 1.2 X 1 0-5 e/Vhertz was obtained at a frequency of 1 . I  mega- 
hertz, which is about an order of magnitude better than a typical, l / f  -noise-limited SET, 
and corresponds to an energy sensitivity (in joules per hertz) of about 41 8. 

M e t h o d s  for performing more-sensitive 
electrical measurements are often instnl- 
tnental in enabling new physics and technol- 
ogy. Improvetnents in measurements can be 
accomplished either through refinement of 
traditional devices or by developing devices 
that rely on different physical principles. A n  
example of the latter are superconducting 
~ ~ u a n t u t n  ~nterference devices (SQUIDS), 
which use the phenomenon of flux quanti- 
zation in a superconducting loop and are the 
most sensitive nyagnetometers (1 ) available. 
Besides magnetotnetry, SQUIDs have also 
been adapted to a wide range of applications 
where amplifiers are needed for low-level 
signals and low-impedance sources. 

W e  renort the develonment of an  ex- 

tremely sensitive electrometer, based o n  a 
new type of SET-the radio-frequency SET 
or RF-SET. First proposed by Averin and 
Likharev (2)  and demonstrated by Fulton 
and Dolan ( 3 ) ,  the SET is the electrostatic 
"dual" (4) of the SQUID and is able to 
measure a stnall fraction of an  electron's 
charge. As such, single-electron devices are 
cotnplelnentary to SQUIDs and should be 
the measurement technology of choice for 
sensitive, high-impedance applications. 
However, conventional SET-based elec- 
trometers have been limited by slow opera- 
tion speeds, typically 1 kHz or less. Further- 
more, the charge sensitivity at these low 
frequencies, while typically much lugher 
than that of conventional electrometers. is 

the  proposed applications of single elec- 
tronics, including a n  electron-counting cur- 
rent standard (6) and advanced photode- 
tectors (7), become much more uractical. 
For example, at the  present perforlnance 
levels, the  RF-SET has the sensitivity and 
sneed to  count electrons at freuuencies >10 
MHz ( that  is, measure a current o n  the  
order of picoamperes, electron by electron) 
with very good signal-to-noise (S/N) ratio. 
New physics experiments can be envisioned 
in  "single-charge dyliamics," such as the  
direct observation of Bloch and single-elec- 
troll tunneling oscillations ( 2 ,  8), and the  
monitoring of tranport processes at the  sin- 
gle-charge level in  a variety of systems. 

Most Coulomb blockade (SET) elec- 
trometers use a double-junction structure 
a ~ i t h  a central metallic island that is c a ~ a c i -  
tively coupled to the  input. Under the prop- 
er conditions, such a device has an  onset of 
current that is controlled by the potential of 
the island. T h e  onset is periodic in the gate 
charge, q,, coupled onto  the island via the 
gate cap;cltor, n.1t11 a per~od equal to the 
charge of a s~ngle  electron, e. The  gate 
charge, q,, can be continuously varied and is 
defined as q, = C,\, where C, is the gate 
capacitance and V, is the gate voltage. Usu- 
ally, the SET is current-biased just above 
threshold, and the dra~n-to-source voltage is 

u 

monitored with a high-impedance voltage 
amplifier at room temperature. Despite their 
limitations. such SET electrometers have al- 

limited by 1 / j  noise (5) due to the motion of ready been used to observe macroscopic 
R. J. Schoekopf, A. A. Kozhevnkov, D. E. Prober De- 
partments of Physics and Physics Yale Unlver background charges. T h e  RF-SET, however, charge quantization (Y), to characterize the 
sity, New Haven CT 06520-8284, USA. can operate even at frequencies in excess of performance of single-electron pumps and 
P. Wahgren and P. Desng, Depariment of Mcroeec- 100 G H ~ ,  where the  l/i n o ~ s e  due to back- traps (19,  11  ), and to measure the local 
tronics and Nanoscence, Chamers University of Tech- 
nology and GBteborg University, S-412 96 G6teborg, g r o ~ ~ n d  cl~arge motion is completely negligi- chemical potential variations (12,  13) of 
Sweden. ble. In fact, we describe how o~t imized ver- semiconducting systems. 
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current, each junction of the SET must be 
of the order of the resistance quantum, RK 
= h/e2 = 26 kilohms, leading to a typical 
device resistance of R = 100 kilohms or 
more. Given the capacitive load for the 
cabling (C, = 0.1 to 1 nF) to the room- 
temperature amplifier, the bandwidth is 
limited to f < 1121~ RCl, or less than a few 
kilohertz. Note, however, that the intrinsic 
limit on the speed of the SET should be 
determined bv the RC (resistance times 
capacitance) time constant of the tunnel 
junctions themselves (14), which can be 
greater than 10 GHz. 

One approach (15, 16) for improving 
the speed of SET electrometers has used a 
cryogenic voltage amplifier, integrated in 
close proximity to the SET, to minimize the 
capacitive load. The total capacitance, al- 
though it includes the capacitance of the 
GaAs high electron mobility transistor 
(HEMT) used as the amplifier, can be less 
than 1 pF ;  this technique has allowed 
speeds (15) as high as 700 kHz. There are 
significant engineering challenges in- 
volved, however, including undesirable 
heating of the SET when the HEMT is 
optimally biased. The noise performance 
was also limited by the HEMT. Recently, 
very good noise performance ( 17) has been 
obtained at about 4 kHz, using a low-im- 
pedance, room-temperature current ampli- 
fier to measure the output of a voltage- 
biased SET. Although such a scheme avoids 
RC limits on the gain, the noise contribu- 
tion of the postamplifier increases very rap- 
idly with frequency above 1121~ RCI, and 
the noise bandwidth of the system is thus 
unlikely to exceed a few kilohertz. 

In the RF-SET. the readout of the 
charge state of the device is accomplished 
by monitoring the damping of a high-fre- 
quency resonant circuit to which the SET is 
connected. rather than bv measurine either 
the current or the voltage. This yeadout 
scheme offers many advantages. By using a 

low-impedance (50 ohm) high-frequency 
amplifier, the capacitance of the cabling 
between SET and the amplifier becomes 
unimportant (18). Once it is physically and 
thermally separated from the SET, the am- 
plifier can be optimized without the con- 
straint of very low power dissipation re- 
quired for operation at millikelvin temper- 
atures. Finallv. because the readout is Der- , . 
formed at a high frequency, there is no 
amplifier contribution to the l/f noise. 

A schematic of our measurement appara- 
tus is shown in Fig. 1. The SET itself was a 
typical Al-based SET, fabricated using elec- 
tron-beam lithography, a suspended resist 
bridge, and a double-angle evaporation tech- 
nique (19). The source (S) of the SET was 
mounded. and the connection to the drain n 

(D) was made by pressing a chip inductor, 
with an inductance of 27 nH. between a 
contact pad on the SET chip a id  the center 
pin of a 50-ohm semirigid coaxial cable. This 
cable connected the sample chip, held at 45 
mK on the mixing chamber of a dilution - 
refrigerator, to the main He bath, approxi- 
mately 1 m away. The cable fed a 1.25 to 
1.75 GHz HEMT-based low-noise amplifier, 
with an input impedance of 50 ohms. 

The value of the series inductance was 
chosen so that it formed a resonant circuit 
with the parasitic capacitance, C = 0.33 
pF, of the contact pad to the SET, with a 
resonance frequency of 1.7 GHz. A mono- 
chromatic signal at this resonance frequency, 
which we will refer to as the "carrier," was 
launched toward the SET, and the power 
reflected was then amplified and rectified. 
For a small 1.7-GHz signal, the variation in 
the reflected carrier power as a function of 
the gate voltage is shown (Fig. 2B). The 
transistor's dc drain-source bias was zero ex- 
cept for a small audio frequency excitation, 
which was introduced via a bias-tee [(20); at 
45 mK1. and was used to monitor the dc 
drain-source conductance. The dc conduc- 
tance displays the familiar Coulomb blockade 

Fig. 1. (A) Apparatus used for measurement of the high-frequency conductance, which allowed very fast and 
sensitive operation of the RF-SET. (B) Electron micrograph of one of the RF-SET devices. The aluminum leads 
for the gate, drain, and source are labeled, and the lighter regions are the tunnel junctions formed where the 
drain and source overlap the island. The SET is fabricated in close proximity to a long (64 junction) one- 
dimensional array of similar junctions, to allow a search for single-electron tunneling oscillations. 

oscillations, with sharp conductance peaks 
separated by uniform intervals in gate volt- 
age, 6Vg = e/C,, corresponding to the addi- 
tion of individual electrons to the transistor's 
island. It is apparent that the reflected carrier 
power is strongly correlated with the transis- 
tor's conductance. When the conductance is 
a minimum and the transistor is in its block- 
aded state, then the reflected power is high, 
as would be expected for a transmission line 
terminated with an oDen circuit. When the 
transistor becomes conducting, some fraction 
of the carrier is dissi~ated in the SET, and the 
reflected power decreases. 

The relative change in the reflected car- 
rier power is small, because even the mini- 
mum resistance of the transistor is large 
compared to the characteristic impedance 
of the microwave system. The inductor and 
ca~acitor serve at resonance to transform 
this impedance upward, and thereby in- 
crease the change in carrier reflection by a 
factor of about 40 (21). For best sensitivity, 
the RF-SET was held at zero drain-source 
dc bias, and an ac voltage amplitude ap- 
proximately equal to the threshold voltage 
(22) was used. The dc conductance and 

-1 0 1 
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Gate Voltage 

Gate Voltage 

Fig. 2. (A) Current-voltage characteristics of SET 
as a function of gate voltage. (B) The small-signal 
dc conductance (lower trace) at zero drain-source 
bias for the SET, displaying the periodic conduc- 
tance maxima when additional electrons are add- 
ed to the island. The upper trace shows the total 
reflected power for a small RF signal at 1.7 GHz 
under the same conditions. (C) The dc conduc- 
tance and ac reflected power for a large carrier 
power and zero dc bias, corresponding to the 
optimum operating conditions for the RF-SET. 
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reflected carrier power for these conditions 
are shown (Fig. 2C) .  T h e  large ac amplitude 
smooths out the  conductance oscillations 
into a n  approximately sinusoidal form by 
sampling a wider range of drain-source bias 
voltage, but the  fractional variation of the  
reflection retnains unchanged. Note  that  
the  transfer function for the  reflected power 
versus gate charge (or gate voltage, qo = 
C,V,) is similar to the  curves of dc  voltage 
versus gate charge for the  usual type of SET 
when it is current-biased near threshold. 

W e  refer to the  device operation de- 
scribed above as a n  RF-SET, because there 
are some similarities with the well-known 
RF-SQUID ( 1 ) .  For example, both use the 
change in  damping of a resonant tank circuit 
to read out the  charge (or flux) state of the 
device. T h e  RF-SET is probably most nearly 
related to the double SQUID (D-SQUID) 
(23),  a relatively new variety of RF-SQUID 
with two junctions and two quantization 
loops. However, the operation of the RF- 
SET 1s not an  exact analog to any cotnmon 
type of SQUID. Because space does not per- 
mit, a detailed exatnination of the duality to  
the RF-SQUID and a full discussion of the  
design and optimization of the RF-SET will 
be published later (24). 

As tnentioned above, we expect that the 
high-frequency measurement of the transis- 
tor's conductance will permit a sensitive and 
very fast readout of the charge coupled 
through the gate capacitor. Both the micro- 
wave amplifier and rectihing diode have 
bandwidths >I00  MHz. The  impedance of 
the SET should respond to changes of the 
gate o n  even faster time scales, with a band- 
width (14) of the order 11277 RJCJ = 10 GHz. 
T h e  rapid response of the RF-SET in the 
time d o m a ~ n  can be seen by examining the 
amplified output of the rectifying diode on a 
digitizing oscilloscope. T h e  average of 2048 
individual traces, taken with a large ampli- 
tude ( I q g  = C,VV = 5.5 e peak-to-peak) 
10-kHz triangle-\& signal applied to the 
gate, is shown (Fig. 3A).  T h e  output indeed 
follows the sinusoidal transfer function, pass- 
ing through five successive maxima (one for 
each electron added to the island), and then 
reversing at the turning points of the gate 
signal (dotted line). T h e  S/N ratio is also 
quite high. 

T h e  device can also be used as a linear 
amplifier for small signals with a charge less 
than I e l ,  when the  gate is biased a t  a 
charge corresponding to  the  maximum 
slope of the  sinusoidal response. T h e  gate 
signal then causes a n  amplitude modulation 
o n  the  carrier (25) a t  the  signal frequency. 
A t  large gate frequencies, it is more conve- 
nient to use an  RF spectrum analyzer to see 
this modulation in the  output of the  recti- 
fying diode. Such a spectrum, showing the  
response to a small [0.01e root-mean-square 

(rms)] sinusoidal signal at 1.1 MHz, is 
shown (Fie. 3B). T h e  excellent SIN ratio of . - 
42, obtained in an  equivalent noise band- 
width of 23 Hz, corresponds to  a charge 
sensitivity of 5.2 X 10-' e/\/Hz. Also 
shown (Fig. 3 C )  is the  output spectrum for 
a signal a t  137 MHz. At all freauencies. the  
gai; showed a large modulation with dc  
gate charge, and went to zero when the  
reflected Dower was a t  a n  extremum. and 
the  change in reflected power for a small 
additional charge was therefore small. This " 

gain variation demonstrates that the  ob- 
served signals are not  contatninated by any 
appreciable capacitive cross-talk. 

T h e  very wide bandwidth of the RF-SET 
electrometer 1s illustrated in Fie. 4. T h e  

u 

small-signal gain (obtained using an  -0.01e 
rms sine wave o n  the gate), varies less than 2 
dB from 100 Hz to tnore than 40 MHz. 
Above 10 MHz, the filters (26) and heat 
sinkine of the gate cable introduced some - - 
significant loss between the top of the cryo- 
stat and the device. A correction for this loss 
was applied after measuring the amplitude at 
the top of the cryostat for each frequency 
whlch gave one full perlod (1  electron) of the 
response, and this correction was consistent 
with the cable loss measured at rootn temper- 
ature. The  loss in the rate line limited the 'z 

range of frequenc~es investigated to <40 
MHz, and causes the slightly larger estimated 
errors o n  the gain of ?1 dB above 5 MHz. 

-40 -20 0  20 40 
Time (ps) 

Frequency (MHz) Frequency (MHz) 

Fig. 3. Hgh-frequency response of the RF-SET. 
(A) Tme-doman response of RF-SET for a large 
(-5.5 electrons peak-to-peak) signal, 10 kHz trl- 
angle-wave (dotted line) apped  to the gate, (B) 
Small-signal (0.01e rms) response for I .I -MHz 
sine wave on gate. S/N is approxmately 42, cor- 
responding to a charge sensitiv~ty of 5.2 x lo-" 
e/*, (C) Response to a small (0.006e rms) sig- 
nal at 137 MHz. 

T h e  filters did allow a loss correction in a 
narrow range near 137 MHz. T h e  gain ob- 
tained there (solid triangle) is not signifi- 
cantly lower, indicating that the 3-dB gain 
bandwidth of this RF-SET is probably in 
excess of 100 MHz. 

Previous SET-based electrometers have 
suffered from large 1/f noise contributions at 
their operating frequencies (typically a few 
hundred hertz) which leads to much poorer 
sensitivities than the  expected intrinsic 
limits (27). T h e  charge sensitivity of the  
RF-SET system as a f ~ ~ n c t i o n  of frequency 
was obtained by simultaneously measuring 
the  system output noise and stnall signal 
gain, and is displayed (trace "N") in units of 
e l m  o n  the  right-hand axis of Fig. 4. 
Although the  noise rises a t  lower frequen- 
cies, the  sensitivity is <lo-'' el- for all 
frequencies above the  1/f corner a t  3 kHz. 
This white noise floor is set by the  noise of 
the  1.7 GHz amplifier in the  present design, 
while the  1/f cotnponent is presumably due 
to background charge motion. This assign- 
ment  of the  noise sources is supported by 
the  observation that the  high-frequency 
system noise was independent of the  gate 
charge and therefore SET gain, while the  
low-frequency noise was largest at gate 
charges corresponding to  maxima of the  
gain, as expected for a n  input noise due to  
background charge motion. 

Given the  optimutn carrier power and 
the  observed depth of modulation ( that  is, 
the  fractional change in reflected power), 
D, and knowing the  noise temperature, TN 
= 10 K,  of the  RF systetn, we can then 
calculate the  expected sensitivity limit im- 
posed by the  RF amplifier. T h e  device pa- 
rameters and the  predicted and measured 

l o 2  lo3  l o 4  10' l o 6  l o 7  lo8  

Frequency (Hz) 

Fig. 4. G a r  versus frequency for the RF-SET, 
showng the extremely large (-1 00 MHz) band- 
w~dth of the dev~ce. Frequencies investigated 
were only limited by cable losses in the cryostat, 
and cause the somewhat larger error bars at the 
highest frequency (137 MHz, s o d  triangle) 
shown. Lower two traces show the system noise, 
expressed n e/*, for operation n both normal 
(N) and superconductng (S) states. 
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sensitivities are detailed in Table 1. Not 
shown (20) are the results for a similar 
device that showed identical behavior in 
nearly every may, but mlth a lar er nolse 
con t r~but~on  (about 1 X lo-%/ P Hz) from 
the atnplifler, due to a less efflclent tunlng 
clrcuit (larger 1 alue of CPaL1) and therefore a 
smaller denth of modulation. The  uerfor- 
inance of both these tuning circuits and the 
observed white noise floors are in good 
agreement with the expected values. Final- 
ly, in Table 1, we include the predicted 
noise contribution of the am~lifier for an 
optimized device. Tuning circuits with such 
high Q's (that is, with low parasitic capac- 
itance, CPad) should be easily realizable, for 
example, by lithographically fabricating the 
tuning inductor on the SET chip. 

Also shown (Fig. 4; trace "S") is the 
high-frequency noise obtained when the RF- 
SET is operated in its superconducting state, 
after removing the externally applied mag- 
netic field. The optimum value of the carrier 
power in this superconducti~lg state was 
about 6 dB higher, as would be exnected " 

because the onset of current then occurs at 
4A/e + e/2Cz - 1 mV. In addition, the 
current near threshold and the dissipation in 
the RF-SET are more sharply peaked func- 
tions of the island charge. which increases " 

the SET gain, and further reduces the am- 
plifier's white noise contribution. We there- 
fore observe an improved charge sensitivity 
in th~superconducting state of 1.2 x lo-' 
e/Z/Hz, which is approximately an order of 
nlagnitude better than typical, l/f-noise-lim- 
ited SET electrometers (28). The gain band- 
width in the superconducting case (20) was 
also greater than 50 MHz. 

At present, we lack a theoretical model 
for the intrinsic noise of the RF-SET. We 
note, however, that the maximum instanta- 
neous current (or voltage) in the device is 
comparable to that used in ordinary SETS. 
Because the intrinsic noise should be due to 

Table 1. RF-SET parameters and performance. 
Optimal is the predicted amp f~e r  noise contribu- 
tion for an optimzed RF-SET, with the listed pa- 
rameters. D ls the depth of moduaton of the re- 
flected power. Measured charge noises were tak- 
en at 1 . I  MHz n either the normal (?isN) or super- 
conduct~ng (Sq,) state. 

Parameter Measured Predicted Optmal 

shot noise (27) of the tunnel junctions, we device size (where Ec ,- 2.1 K),  this is not too 
expect similar intrinsic noise for both the severe a restriction, because the performance 
RF-SET and the ordinary SET. The high- of the RF-SET only degrades by about 3 dB at 
frequency system noise varied by less than temperatures of 0.5 K. We note, however, 
3% with the ilc gate charge, which supports that the RF-SET device concept can be ap- 
the expectation that the intrinsic charge plied to small capacitance double-junction 
noise of the SET (29) is more than an order devices achieved through any fabrication pro- 
of magnitude below the presently achieved cess. Therefore, advances in lithography may 
noise le~~els .  By analogy with the practice allow efficient operation of the RF-SET elec- 
used for very lorn-noise SQUIDs, we can trometer at even higher temperatures. Anoth- 
equate our charge noise to an effective energy er interesting avenue is to use a higher gap 
sensitivity of the RF-SET, 6E = (Sq)2/2Cz = superconductor, such as Nb (33). The larger 
4.3 x J/Hz, or -41 h .  For SQUIDS, the threshold voltage allows the use of a larger 
inclusion of quantum fluctuations (30) leads carrier power, a lower noise contribution from 
to a theoretical minimum of the energy sen- the RF amplifier, and potentially even larger 
sitivity on the order of f i ;  some DC-SQUIDS bandwidths. It should also be possible to com- 
have in fact attained (31 ) sensitivity on this bine the RF-SET with scanned-probe micros- 
order. For a device with optilnized parameters copy techniques, as in the recently demon- 
(Table I ) ,  the noise added due to the RF strated (13) single-electron transistor scan- 
readout will be snlall enough for the RF-SET ning electrometer (SETSE), which used an 
to approach this quantum limit. ordinary SET. This approach would add 

The simultaneous achievement of high- nanosecond temporal resolution and higher 
sensitivity and large bandwidth should allow sensitivity to the spatially resol~~ing capabili- 
the RF-SET to perform time-domain count- ties of that microscope. 
ing of single electrons (compare with Fig. The main applications of the RF-SET 
3A) at very rapid rates. For example, in a electrometer will initially be in experiments 
detection bandwidth, B, the rms charge on  the physics of other single-electron and 
noise, AQ: is given by AQ = Sq x \'%, and inesoscopic systems. SET electrometers 
is still much less than one electron, even have been used in this role, but because of 
using the entire available bandwidth of 100 their slow response, they have been limited 
MHz in the RF-SET (Table 2). Although to studying long-time or thermally averaged 
convelltional semiconductor transistors properties. The  RF-SET can allow monitor- 
(FETs) can be very fast (speeds of gigahertz ing of individual tunneling or cotunneling 
or more), they cannot attain single-electron (34) events and examination of the dynam- 
resolution for bandwidths greater than a few ics of these systems. One intriguing possi- 
kilohertz. If there were unity charge coupling bility with s~~perconducting SET devices is 
to the RF-SET, however, the signal due to a the generation and lnanipulation of coher- 
single electron would still be 10 times greater ent superpositions of macroscopic quantum 
than the standard deviation. Therefore, cur- states. Such investigations first require a 
rents corresponding to several picoamperes sensor (the RF-SET) that can measure the 
can be measured with part-per-billion accu- charge state of a macroscopic conductor 
racy, by counting the individual electrons with subelectroll resolution, and on a time- 
(32) which pass at an average frequency of scale shorter than the decoherence time. 
f = I/e, or about 6 MHz/pA. Further im- This timescale is not yet known, but is 
provelnents in the RF-SET performance probably (36) less than 100 ps. For techno- 
could thus provide a means to realize capac- logical applications, more work will be re- 
itance or current standards (6, 10). quired in optimizing the coupling to the 

A dralvback of all present SET devices is electrometer and in finding devices and 
the rather lox temperature required for oper- detectors for which the RF-SET is best suit- 
ation, needed to ensure that thermal fluctua- ed. We may hope, however, that as with 
tions are small compared to the charging en- SQUID amplifiers, there will be unantici- 
ergy, liT << Ec = e2/2CZ. At  the present pated and versatile uses for this device. 
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Salts on Europa's Surface Detected by Galileo's 
Near lnf rared Mapping Spectrometer 

T. B. McCord, G. B. Hansen, F. P. Fanale, R. W. Carlson, 
D. L. Matson, T. V. Johnson, W. D. Smythe, J. K. Crowley, 
P. D. Martin, A. Ocampo, C. A. Hibbitts, J. C. Granahan, 

the NIMS Team 

Reflectance spectra in the 1- to 2.5-micrometer wavelength region of the surface of 
Europa obtained by Galileo's Near Infrared Mapping Spectrometer exhibit distorted 
water absorption bands that indicate the presence of hydrated minerals. The laboratory 
spectra of hydrated salt minerals such as magnesium sulfates and sodium carbonates 
and mixtures of these minerals provide a close match to the Europa spectra. The 
distorted bands are only observed in the optically darker areas of Europa, including the 
lineaments, and may represent evaporite deposits formed by water, rich in dissolved 
salts, reaching the surface from a water-rich layer underlying an ice crust. 

EuroFa  is the second Galilean satellite out- 
ward from Jupiter. It is a lunar-sized object 
with a water-ice surface of relatively y o ~ ~ n g  
geologic age (1 ,  2). Its density and gravity 
field suggest a differentiated object with an  
Fe-rich core and silicate mantle underlying 
an  ice-rich crust (3).  T h e  surface features 
and young age (4) suggest recent resurfacing, 
perhaps from a liquid water ocean existing 
between a relativelv thin ice crust and the 
silicate mantle. ~ i d a l  heating has been sug- 
gested as the energy source to nlaintain an 
ocean in this relatively cold part of the solar 
system (surface temperatures on Europa 
range from 100 to 120 K )  (5). T h e  existence 
of heat and water plus organic molecules (6) 
has led inany to speculate whether Europa's 
ocean might be an  en\,ironment with the 
potential for susta!ning life (7). 

Ground-based telescope observations 
shou. that Europa exhibits a high visual al- 
bedo and other suectral reflectance charac- 
teristics in the 1- to 5 - p m  wavelength range 
that were reported to  indicate the domi- 
nance (>85% by weight) of surface water ice 
or frost (or both) and only a few weight 
percent impurities, with the possible pres- 
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ence of iron-bearing minerals that reduce 
the visible brightness In some regions (2,  8). 
In addition, forms of sulfur-rich species, in- 
cluding sulfur allotropes, SO,  SO,, and H2S, 
have been suggested as impurities in Europa's 
surface on the basis of ultraviolet and visible 
spectroscopy and Voyager ln~~ltispectral  im- 
ages (9, 10).  These sulfur-rich species are 
thought to be derived from materials sput- 
tered from Io and carried to Europa by Jupi- 
ter's magnetosphere, although a n  interior or- 
igin has also been suggested (10). 

Early observations by the  Near Infrared 
Mapping Spectrometer (NIbIS) (1 1 ) indi- 
cated a surface of almost Dure water ice for a 
north polar region of E ~ ~ r o p a  (1 2),  consistent 
with the earlier inter~retatlons of the tele- 
scopic spectra. Here, we discuss subsequerrt 
NIMS observations of Europa that indicate 
the presence of hydrated minerals. Water- 
related spectral features dominate the NIMS 
reflectance spectra in the 1- to 3 - p m  range 
for Europa (Fig. 1) .  These features are due to 
vibration modes and combinations of these 
modes for H-0-H (1 3 )  in Ice or in associa- 
tion with hydrated species (14, 15). T h e  
features include absorption bands centered 
near 1.04, 1.25, 1.5, and 2 pin; a weak 
temperature-sensitive ice band at 1.65 p.111 

o n  the edge of the 1.5-pm feature (1 6 ) ;  and 
the f~~ndamenta l  0 - H  stretching transition 
near 3 pm.  Water is strongly absorbing long- 
ward of 2.5 p,m and is mostly responsible for 
the low reflectance in this region for all icy 
Galilean satellites (6).  




