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Outburst of Jupiter's Synchrotron Radiation After 
the Impact of Comet Shoemaker-Levy 9 
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Jupiter's nonthermal microwave emission, as measured by a global network of 11 radio 
telescopes, increased dramatically during the Shoemaker-Levy 9 impacts. The increase 
was wavelength-dependent, varying from -10 percent at 70 to 90 centimeters to -45 
percent at 6 and 36 centimeters. The radio spectrum hardened (flattened toward shorter 
wavelengths) considerably during the week of impacts and continued to harden afterward. 
After the week of cometary impacts, the flux density began to subside at all wavelengths 
and was still declining 3 months later. Very Large Array and Australia Telescope images 
of the brightness distribution showed the enhancement to be localized in longitude and 
concentrated near the magnetic equator. The evidence therefore suggests that the in- 
crease in flux density was caused by a change in the resident particle population, for 
example, through an energization or spatial redistribution of the emitting particles. 

A worldnride network of radio telescopes 
was organized to  observe Jupiter's flux den- 
sity a t  microwave frequencies before, dur- 
ing, and after comet Shoemaker-Levy 9 
(SL9) collided with the  planet in July 1994. 
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Our  goal was to monitor Jupiter's micro- 
wave emission and to search for changes in 
the  synchrotron radiation emitted by rela- 
tivistic electrons (-1 to 300 MeV) trapped 
in Jupiter's inner magnetosphere. 

T h e  mechanism that produces the  plan- 
et's steady synchrotron radiation is well un- 
derstood, and the  observed radiation char- 
acteristics were used in the  early 1960s to 
derive Jupiter's magnetic field configuration 
and electron distributions (1 ). Jup~ter 's  ra- 
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flux density has been reported more than 
olnce (1 ), it has never been confirmed (3).  
During a jovian rotation, the flux density 
displays a sinusoidal var ia t~on in amplitude, 
commonly referred to as the "beaming 
curve" (Fig. 1 ) .  T h e  peak-to-peak ampli- 
tude in  the  beaming curve is -15%. T h e  
variation with jovian rotation of all radia- 
tion characteristics ( in  particular, the polar- 
ized components) implied a m~salignlnnent 
between the  magnetic and rotational axes 
of - 10" and a confinement of most radiat- 
ing electrons to the  planet's magnetic equa- 
tor (1 ). 

It 1s usually assumed that electrons, on 

average, diffuse inward in Jupiter's magne- 
tosphere while the  first adiabatic invariant 
is conserved. Hence, the  particles gain en- 
ergy in the  diffusion process, and they lose it 
by synchrotron radiation. As the  electrons 
move through the  magnetosphere, they in- 
teract with solid material such as moonlets 
and dust, electromagnetic waves, and neu- 
tral and charged particles. All interactions 
usually result either in a loss of the  electron 
or in a reduction in its energy (4) .  

Predictions before the  event had con- 
centrated o n  the  interaction of the radiat- 
ing electrons with cometary dust (5, 6) .  It 
was suggested that the  radio emission would 
decrease as a result of energy degradation by 
cometary dust. This decrease would be most 
apparent a t  low frequencies. T h e  highlight 
of the  radio observations instead was a dra- 
matic increase in  the radio flux density 
during the  6 days of cometary bombard- 
ment.  T h e  increase in radio brightness was 
monotonic at a roughly constant rate dur- 
ing the  week of impacts. Data taken during 
a 3-month ne r~od  after the  week of co- 
metary impacts showed a steady decline in 
the radio flux density; by the  end of Octo- 
ber 1994, equilibrium had not  yet been 
reached at the short wavelengths. - 

W e  observed Jupiter's radio emission be- 
tween June and October 1994, with l l  
different radio telescopes (single dishes and 
arrays of telescopes) (Table 1 ) .  W e  restrict- 
ed our attention to  total flux densities ob- 
tained at wavelengths between 6 and 90 cm 
(7). W e  calibrated all data against 3C286, 
either directly, or indirectly by means of a 
nearbv secondarv calibrator source 18). Al- 
though we also s'earched for burstlike emis- 
sion (time scales varvine from microseconds , - 
to seconds), n o  obvious activity or "radio 
bursts" could be associated with the  times of 
impact events. 

W ~ t h  the  s~ng le  dish telescopes, we de- 
termined the  total flux density S of the  
planet either by scanning the planet in one 
( N a n ~ a y )  or two (orthogonal) directions 
(Green Bank, Effelsberg, and Parkes) or by 
doing on-off scans (DSN and NRL) (see 
Table 1 for telescope abbrevations). Be- 
cause the  spatial extent of Jupiter's radio 

5 I , , , . , , , , 8 , _ .-, 
g o  100 200 300 z Central meridian longitude (System Ill) 

Fig. 1. A preimpact beaming cuwe (wavelength, 
20 cm) of Jupiter's synchrotron radiation. The 
data were taken with the 140-foot NRAO tele- 
scope at Green Bank. Superposed is a best fit line 
after Eq.  1 
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emission is a nonnegligible fraction of the  
beam width of the Effelsberg (6  and 11 cm) 
and DSN (13 cm) telescopes, the  recorded 
~ e a k  flux densitv had to be corrected. For 
an extended uniform disk, applicable for 
Jupiter's thermal emission, the  correction 
factor Cci can readily be determined (9 )  to 
have values typically - 1.02 at 6 cm and less 
than 1.01 at 11 to 13 cm. W e  divided the  
expected thermal flux dens~ ty  by Cc, to ob- 
t am the  "observed" thermal flux densitv. S . 

i '  1 

W e  assumed St = constant (see below). 
T h e  total observed nonthermal flux densi- 
ty, S ,,,, is then given by S,,, = S - St. T o  
correct for the decrease in intensity in S,,,, 
this quantity was multiplied by a factor C,,,, 
determined empirically from 90-cm VLA 
and W S R T  images ( 1  0). Correctiolns to the  
data over the  p e r ~ o d  Tune through October " 

1994 were typically Cllt(6 cm)  - 1.2 to 1.3, 
C,,,(11 cm) = 1.04 to 1.14, and C,,,(13 cm)  - 1.02 to 1.05. 

A t  long wavelengths, particularly above 
-30 cm, it becomes increasingly difficult to 
determine total flux densities with s~ngle-  
element te lesco~es  11 1 ) .  W e  therefore de- 

L ,  

termined Jupiter's total flux density a t  these 
lvavelengths by imaging the  planet using 
interferometry. This allowed us to distin- 
guish Jupiter from background radio sources 
and to  deterlnine the  rotation-averaged flux 
density for the  planet (1 2) .  

W e  attribute the  increase and subse- 
cluent decrease in  Jupiter's total flux density 
to  variations in  its nonthermal flux densitv. 
Evidence for this assumption is based o n  the  
followine observations: i i)  VLA and AT - , , 

reports on Jupiter's thermal brightness dis- 
tribution at wavelengths of 3.6 and 6 clll 
(13) showed n o  changes during the  SL9 
imoacts. ( i i)  Simultaneouslv with the  ob- 
serired increase in Jupiter's 'total intensity, 
the relative linear polarization increased by 
-2% at wavelengths of 11 and 20 cm (14) .  

T o  facilitate cornparison among the dif- 
ferent wavelengths, we focused o n  the  non-  
thermal flux density. W e  corrected all data 
for the  planet's thermal contribution by 
subtracting a flux density corresponding to  
a disk temperature of 350 K at 20 cm, 280 K 
at  11 cm, and 230 K at  6 cm ( IS) ,  interpo- 
lated or extrauolated to  other waveleneths. - 
All observed flux densities were scaled to 
the standard geocentric distance of 4.04 
astronomical units ( A U ) .  

T o  best determine the  variations in Ju- 
piter's synchrotron radiation, we modeled 
the beaming curve (Fig. 1)  according to  

S = So + S, + ~~2 A,,s~n[n(A~,~ + A,,)] 

( 1  
where S is the  observed flux density (cor- 
rected for telescope resolution effects as 
outlined above) at jo\lian System 111 
(1965.0) central meridian longitude kill; So 
is the  thermal contribution; and S,, Sz, A,,, 

and A,, are constants to be fitted for n = 1, 
2, and 3 ( 1 ,  2 ) .  T h e  shape of the beaming 
curve is constant over time, except for 
changes in the viewing geometry resulting 
from variations in the  jovian declinatioll of 
Earth (2).  Because observations of Jupiter in  
the  Northern Hemisphere covered only a 
fraction of a jovian rotation, we assutned 

that the  shape of the  beaming curve re- 
mained constant for rneasurelllents made 
during and after the week of cornetary im- 
pacts ( 1  6) .  T h e  parameters A,, and A,, were 
derernlined from full preimpact beaming 
curves at each frequency; we then deter- 
mined both S ,  and S I  by fitting the data 
during and after the  week of impacts. T h e  

150 200 250 300 
Day of 1994 

- DRAO 
WSRT 

Day of 1994 

Fig. 2. Jupiter's nonthermal flux denslty IS plotted a s  afunction of 1994 day of year, at wavelengths 6, 11 
to 13 ,18 ,21 ,36 ,  and 70 to 90 cm (S, from Eq. 1).  The average value of the 1370- and 1480-MHz Green 
Bank data IS shown. The 20-cm DRAO data were 8% lower than the Green Bank data. This is attributed 
to (unknown) pointing errors. All DRAO data were mutiplled by a factor of 1.08 to crudely correct for thls 
effect. At 21 cm, only the Green Bank and Parkes data were used to determine the overall increase In flux 
densty durng the week of cometary impacts. None of the data shown are corrected for background 
rado confusion. Background confuson IS particularly strong at 21 cm near day 21 0. Prelmnary back- 
ground experiments and two-dimensional images obtalned with the various ~nterferometers suggest the 
presence of a source with a flux density of -0.2 Jy at 21 cm on thls day. [The data wII be corrected for 
confuson (26).] The dashed lines show the tmes of the first (fragment A) and last (fragment W )  impacts. 

Fig. 3. The evolution of 
Jupiter's spectrum. Spec- 
tra are shown for the tme  
before the week of co- 
metary impacts, at the 
end of the Impact week 
(21 July), and a few 
months after the Impacts 
(early October). The 
straight lines are least 
square fits to the data 
points, at frequencies 
above and below 1.3 GHz 
(wavelength, 20 cm) for 
the prempact data and at 
frequencies above and 
below 0.84 GHz (wave- 
length, 36 cm) forthe data 
after the impacts. 
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changes in the total nonthermal flux den- 
sity are well represented by the S, values. 

The quantity S, from Eq. 1 (Fig. 2) 
shows a clear, steady increase in intensity 
during the week of cometary impacts from 
day 198 (17 July) to day 203 (22 July). The 
fractional increase in intensity is wave- 
length-dependent: 10 to 13% at 90 to 70 
cm, 20 to 22% at 22 to 18 cm, 25 to 26% at 
13 to 11 cm, and 43% at 6 cm, with a 
notable anomaly of 39 ? 7% at 36 cm. 
Because radiation from higher energy elec- 
trons is emitted at shorter wavelengths, the 
data suggest that the spectrum of radiating 
electrons hardened during the week of co- 

metary impacts (Fig. 3). After the week of 
the SL9 impacts, the flux density began to 
subside at all wavelengths; the flux density 
at 70 to 90 cm, however, started to decline 
before the end of the impact week, about 2 
days earlier than at other wavelengths. The 
radio spectrum from above -30 cm contin- 
ued to harden after the week of SL9 im- 
pacts. Three months after the impacts, the 
radiation levels were still declining at the 
shorter wavelengths. 

The VLA and AT images of Jupiter tak- 
en before and during the week of cometary 
impacts show that the brightness distribu- 
tion of Jupiter's synchrotron radiation 

Table 1. Telescopes participating in the Jupiter SL9 radio observation campaign. 

Telescope location* Type, size Frequency Bandwidth 
(MHz) (MHz) 

NRAO 140-foot telescope 
Green Bank) 

MPIR 100-m telescope 
(Effelsberg) 

Parkes Radio 
Telescope 

NASA DSN (DSS 13/14) 
Nanqay Telescope 

NRL 
WSRT 

MOST 

VLA 

DRAO 

Single dish, 43 m 

Single dish, 100 m 

Single dish, 64 m 

Single dishes, 34 and 70 m 
Transit telescope, 

200 m by 35 m 

Single dish, 26 m 
East-west array, 

seven 25-m dishes per frequency 
Spacings: 144 m to 2.8 km 
East-west array, 

six 22-m dishes 
Spacings: 70 m to 6 km 
East-west array, two 

collinear cylindrical 
paraboloids 

Spacings: 15 m to 1.6 km 
Y-shaped array, 

27 25-m dishes 
Spacings: 250 m to 10 km 
East-west array, 

seven 9-m dishes 
Spacings: 12.9 to 604 m 

*NRAO, National Radio Astronomy Observatory, Green Bank. WV. USA; MPIR, Max-Planck-lnstitut fiir Radioastrono- 
mie. Effelsberg, Germany; Parkes Radio Telescope, Parkes. Australia; NASA DSN (DSS 13/14), NASA Deep Space 
Network, Goldstone, CA, USA; Nan~ay Telescope, Nan~ay, France; NRL, Naval Research Laboratory, Nanjemoy, MD, 
USA; WSRT, Westerbork Synthesis Radio Telescope, Westerbork, Netherlands; AT, Australia Telescope, Narrabri, 
Australia; MOST, Molonglo SynthesisTelescope, Canberra, Australia; VLA, Very Large Array of the NRAO, Socorro, NM, 
USA; DRAO, Dominion Radio Astrophysical Observatory, Penticton, Canada. +Not reported here. 

changed significantly during the week of 
cometary impacts. The 20-cm VLA images 
(Fig. 4) are 20-min snapshot observations 
centered at XIII - l l O O .  The 13-cm AT 
images (Fig. 5), although formed from con- 
tinuous 1 1-hour observations, are weighted 
most heavily toward XIIl - 60° (17). Both 
sets of images show a dramatic local en- 
hancement in the radiation belts. concen- 
trated near the magnetic equator. As ob- 
served at XIII - 60' and 110°, it is almost 
exclusively the left side of the belt that has 
changed; that side has brightened consider- 
ably and has moved inward by -0.2RJ 
(VLA image; lRJ is one jovian radius). 

It seems imulausible that the excess radi- 
ation is caused by particle injection from the 
imuact site because such   articles would 
most likely end up at the conjugate foot 
~ o i n t  of the field line emanating from the - 
impact site. Such precipitating particles may 
well be responsible for the ultraviolet and 
x-ray emissions detected at northern mid- 
latitudes during and after the impact of frag- 
ment K (18). We suggest that the increase 
in radio flux density was caused by a change 
in the resident particle population, as a re- 
sult, for example, of an energization or spa- 
tial redistribution of the emitting particles. 

An enhancement in radial diffusion 
would increase the radio emission (1 9,  20). 
It was suggested that cometary impacts could 
trigger an increase in radial diffusion, either 
globally or locally (21). An increase in the 
diffusion coefficient would lead to an inward 
displacement of the radiation peaks. Suppose 
an increased radial diffusion causes the radi- 
ation peaks to shift inward by 0.05RJ from 
the nominal (preimpact) peak at 1.45RJ 

Fig. 4. VLA 20-cm radio images of Jupiter at A,,, .- 1 10" at two 1994 UT dates: (A) 24 June 03:OO UT 
(before the comet impacts) and (B) 20 July 03:OO UT (during the impact week). The two images are on the 
same color intensity scale; both are rotated on the sky so that the magnetic equator is horizontal on the 
figure. The peak value in the 20 July image is approximately 2500 K; in the 24 June image, it is 
approximately 1700 K. The full beam width at half power is approximately 0.3RJ. 

Fig. 5. AT radio images at 13 cm at A,,, -- 60" (A) 15 
July 02:OO to 13:OO UT (before the impacts) and 
(B) 20 July 02:OO to 13:OO UT (during the impact 
week). The two images are on the same color in- 
tensity scale; both are rotated on the sky so that the 
magnetic equator is horizontal on the figure. The 
maximum intensity is 450 K. The full beam width at 
half power is approximately 0.21RJ by 1 .OR,, with 
the long axis at position angle PA - -20". 
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(22). T h e  magnetic field strength B at 1.40RJ 
is 1.1 1 times that at 1.45RJ. T h e  electrons 
gain energy while diff~lsing inxvard through 
conservation of the first adiabatic invariant 
IE'IB = constant, where E is the electron's , , 

energy). Because the observing frequency v 
does lnot chanee iv - E2B + E2B = con- " ,  

stant), the radiating electron population at 
1.40R, is iiifferent from that at 1.45R,: W e  
effectkely receive radiation from eledtrons 
with energies lo~ver by a factor of 1.1 1 than 
those radiating at 1.45RJ. Because there are 
more low-energy electrons and because the 
magnetic field strength seen by the particles 
increased as a result of the  inward radial 
displacement, the synchrotron radiation in- 
creases: S - N(E)B, where N ( E )  is the elec- 
tron density at energy E. If Jupiter's radio 
spectrum follows a simple power law of the  
forin S - vp", the fractional increase in flux 
density ivould be equal a t  each wavelength, 
X. However, the preimpact spectral index a 
was -0.10 at A 2 20 cin and was -0.4 a t  
5 20 cln [Fig. 3; (22)l. Such a spectrum 
would lead to a -330h increase in flux den- 
sttv at the short nravelengths and a n  increase 

u 

of -250h at lolnger nravelengths. An en- 
hancement in radial diffusion would thus 
result in a n  ulcrease in the  radio emission 
and a harilening of the radio spectrum. Al- 
thoueh more detailed calculations need to be 
performed, given the observed changes in 
Jupiter's flux density and radio spectrum (rel- 
ative illcreases of -10% at 90 cm, 20 to 25% 
at 10 to 20 cm, and -400h at 6 and 36 cm). 
we believe it is ~lnlikely that this rnechanis~n 
alone can be f ~ ~ l l v  res~3onsible for the ob- , L 

served changes in the radio flux densittes 
and sDectrum. 

It has also been suggested that pitch 
angle scattering of the resident particle pop- 
ulation by whistler-mode waves might 
broaden the  pitch angle distribution (23) ,  
resulting 111 a n  increase in synchrotron ra- 
diation. In  this scenario, electrons in the  
magnetic equator are pitch angle-scattered 
such that they tnirror a t  higher latitudes, 
where the magnetic field strength is greater. 
Recause particles spend most time a t  their 
mirror noints, the  radio intensttv as well as 
the spaiial extent in  latitude of the  emitting 
region nrould be increased. In  contrast to 
the radtal diffusion inodel outlined above, 
according to this model the electrons may 
not be energized. If pitch angle scattering IS 

energy-independent, t he  radio flux density 
lnay increase significantly, but the radio 
spectrum will not harden as in~ lch  as in  the  
radial d i f f~~sion model. However. wave nar- 
ticle interactions generally do  depend o n  
energy, and detailed calculations are neces- 

u, 

sary to preilict the resulting radio spectrum. 
An alternative model (24) is that energi- 

zation of the resident electron population 
takes place by a collisionless magnetohydro- 
dynamic (MHD) shock, triggered lly the co- 

metary impacts. Low-energy electrons are 
accelerated, resulting in a net gain of high- 
energy electrons at the expense of low-ener- 
gy particles. In  addition to being energized, 
electrons are scattered in pitch angle, and 
radial d i f f~~sion is triggered by induced elec- 
tric fields. T h e  M H D  shock inodel reauires a 
localized source and leads to energy-depen- 
dent energization. N~ltnerical calculations 
(24) show. a remarkable similarity to the 
observations at 6, 11 to 13, 20, and 90 cm. 

After the  week of cotnetary impacts, the  
particle distribution was expected to relax, 
resulting in a decrease in the  radio emission. 
T h e  relaxation time d e ~ e n d s  o n  the  diffu- 
sion process, and it may take half a year 
before a (new) equilibriutn level is reached 
(5 ,  20).  Hence, it is not  surprising that the  
radio emission was still decreasing 3 months 
after the  impacts. 

T h e  dust density in Jupiter's magneto- 
sphere was expected to increase because of 
the  passage of SL9 (25).  T h e  interaction of 
Jupiter's energetic electron population with 
this cotnetary dust was investigated by sev- 
eral researchers (5, 6) .  Micrometer-sized 
dust degrades an  electron's energy lly 3a  
MeV, where a is the  radius of the  grain in 
centimeters (grain density of 1 g ctnP3).  
T h e  relative energy loss will be greatest for 
low-energy electrons, resulting in  a harden- 
ing of Jupiter's radio spectrum. Whereas 
hardening during the  week of the  SL9 i n -  
pacts must be caused primarily by processes 
triggered by the impacts, the  hardening af- 
ter the  week of impacts may, in part, be 
caused by degradation effects from cometary 
dust. A comparisoln of the  data with model 
calculations (5)  suggests the cometary dust 
density to be less than 1 O p % ~ ' .  

T h e  comet iinpact has provided us with a 
unic l~~e experilllent to unravel one of the 
outstanding issues in magnetospheric phys- 
ics: the  energisation and radial transport 
inechanisln of the energetic electrons in Ju- 
piter's radiation belts. It will be necessary to 
cont in~le  monitoring the planet at radio 
wavelengths to determine (i)  when a new 
equilil~rium in the flux density levels is 
reached and if this is wavelength-dependent, 
and (ti) the flux density level and spectral 
index after equilibrium has been reached. 
This inforlnation is crucial for determining 
whether radial d i f f~~sion is the main Inode of 
particle transport and, if so, how fast parti- 
cles are transported ( the  value of the radial 
diff~~sion coefficient) and whether this pro- 
cess is energy-dependent. Continuous mon- 
itoring is also necessary to determine how 
in~lch cotnetary dust has been trapped In 
Jupiter's inner magnetosphere. 
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Discrete chemical reaction events occurring in solution have been observed by single 
  hot on detection of a bimolecular. chemiluminescent reaction. The reactants were 

0 300 nm generated from 9,10-diphenylanthr&ene in acetonitrile with potential pulses applied to Solution 
an ultramicroelectrode. Electrogenerated radical ions of opposite sign react to yield the 
excited singlet state of the parent compound. The chemical reactions were restricted 
to a 20-femtoliter volume adjacent to the electrode by the use of rapid potential pulses. 
Individual chemical reaction events were stochastic and followed the Poisson distri- 
bution, and the interarrival time between successive reaction events was exponentially 
distributed. 

A t  a microscopic level, bimolecular chem- 
ical reactions generate products as a result 
of the collision of individual molecules. 
Normally, however, chemical reactions in 
solution are viewed as an ensemble of 
events, and the fluctuations associated with 
individual molecular collisions and their 
reactions are not observed. This is because 
both the location and time of an individual 
reaction event are usually undefined as a 
result of diffusion and encounter of the 
reagents before the reaction. In the gas 
phase, individual reactions can be exam- 
ined because methods exist for exquisite 
control of delivery of reactants ( I  ). In sol- 
ids, the immobile nature of individual mol- 
ecules allow their examination by near-field 
scanning microscopy (2)  and laser spectros- 
copy (3). Although such approaches cannot 
be used for chemical reactions in fluids, we 
show that single reactions can be observed 
by restricting the volume occupied by the 
reactants and the observation time. This 
approach is similar to that used for solution- 
phase single molecule detection where mol- 
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ecules are spatially restricted in microdrop- 
lets (4 ) ,  a thin flow cell (5), or at the focal 
point of a confocal microscope ( 6 ) ,  and 
then temporally interrogated through laser- 
induced fluorescence (LIF). In this work, 
the solution reagents are restricted to a 
microscopic volume by electrogeneration 
with a microelectrode ( 7 ) .  The reagents . . - 
undergo a chemiluminescent (CL) reaction 
(8) whose photon emission is time resolved 
with a multichannel scaler. This experi- 
ment reveals the stochastic nature of mo- 
lecular reactions in solution and enables 
observation of the rates of chemical reac- 
tions at the level of individual events. 

Introduction of 9,lO-diphenylanthra- 
cene (DPA) in an acetonitrile solution into 
an electrochemical cell containing a micro- 
electrode (9) pulsed between potentials suf- 
ficient to alternately generate its radical 
cation and radical anion results in chemi- 
luminescence (Fig. 1A). The emission oc- 

. u  , 

curs predominantly during the shorter (50 
ks) cathodic pulse (Fig. 2 )  as the electro- 
generated radical anion diffuses into the sea 
of DPA radical cations generated in the 
500-LLS interval before the cathodic nulse. 
~ h e ' n  the radical ions of opposite c'harge 
encounter each other. thev react bv elec- 
tron transfer reaction' to form either the 

Fig. 1. Schemat~c dlagram of the chemical reac- 
tlon, (A) A radical anlon ( R ' )  of 9,lO-d~phenylan- 
thracene (DPA) IS electrogenerated at a gold elec- 
trode durlng the cathodlc potent~al pulse. It diffus- 
es away from the electrode and encounters a rad- 
lcal cation (R") electrogenerated during the 
preceding time Interval In which the electrode was 
ma~ntained at a positlve potential. The singlet-ex- 
c~ted state of DPA (R') IS generated as a result of 
electron transfer between the two reactants. Pho- 
ton emission leads to detection of the single chem- 
~cal reaction. (B) Concentration profiles of the re- 
actants for high concentrat~ons of precursor as 
described by Eq. 2 (see text). Under th~s condition, 
the photon emiss~on arlses from a sharp plane at 
the intersection of the concentration profiles locat- 
ed a distance 6 from the electrode surface. 

nonemitting triplet state of DPA or the 
excited singlet state that relaxes to the 
ground state by photon emission ( 10). 
These events occur in a region adjacent to 
the electrode that has a volume of -20 
femtoliters defined hy the electrode area (9 
x lo-' cm') and the distance an electro- 
generated ion can diffuse from the electrode 
surface during the 50-ks step. 

When the photons are counted over 1-s 
intervals, no evidence for individual reac- 
tion events is observed. The ensemble a\,- 
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