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geomagnctic field is falrly well descr~bed as 
that of a dipole magnet that 1s tilted about 
1lorclative to thc earth's rotational axis and Distribution and Detection of Positrons from dis~laced about 400 km from thc earth's 


an Orbiting Nuclear Reactor centcr toward the western Pacific Ocean. 

This rcsults in there being a region of low 

field strength over the south Atlantic Ocean, 


E. W. HONESAND P. R. HIGBIE 	 called the South Atlantic anomaly, wherc 
drifting particlcs undergo mirror rcflcctions 

The Solar Maximum Mission (SMM) Gamma-Ray Spectrometer has on many occa- at lower altitudes than anywhcre clse and arc 
sions detected nuclear radiation produced by nuclear reactors carried on Soviet thus most susceptible to aunospheric loss 
satellites. A unique feature of the observations is the measurement of bursts of 511- (7).
kiloelectron volt gamma rays that are thought to signal SMM encounters with The expectcd wcstward drift of positrons 
positrons emanating from the Soviet satellites. A model of positron generation by an and thc cxpected influences on their lifc- 
orbiting reactor has been developed that describes the resulting time-dependent times of the tilt and displacement of the 
distribution of positrons temporarily trapped in the geomagnetic field and estimates dipolc are evidcnt in the distribution, over 
the response of the SMM spectrometer to passage through such distributions. The the earth, of the SMM-Cosmos relative posi- 
model successfully predicts onset times, durations, and intensities of the 511- tions during the events. This is illustrated by 
kiloelectron volt gamma bursts, as we illustrate in a detailed analysis of one event, and thc following features of Fig. 1which givc 
thus confirms that these are due to positrons from the Soviet satellites. Reactor- qualitative support for the view that the 
generated positrons are potentially useful in magnetospheric research. SMM 5 11-kcV gamma events wcre caused 

by interccption of positrons from Cosmos 

DWRING THE PAST TWO DECADES The uniquc propertics of positrons as 1176, temporarily stored in thc magnetic 
the Soviet Union has placed many potential tracers for magnetosphcric studies field: (i) In all events SMM appcars to be 
nuclear reactor-bearing satcllites in werc pointcd out by Hones ( 6 )  and hypo- closely conjugate to Cosmos or to lic clcarly 

low cart11 orbits, often of -260-km altitude thctical experiments wcre dcscribed in to thc magnctic wcst of it. (Detailed calcula- 
and 65" inclination (I-.?). After operating which rcactor-irradiated copper was used as tions of the satellites' geomagnetic locations 
sevcral months they are boosted to -900- a source of positrons. It is now clcar that a show that SMM was at lcast a degree or so 
km orbits to delay, for many ycars, thcir rc- nuclear reactor is another potential source of magnetically west of Cosmos 111 all events.) 
cntry to the earth's atrnosphcre. In one case positrons, a fact that, to our knowledge, (ii) Evcnts in the longitude rangc +150" to  
(Cosmos 954) a malfi~naion caused thc reccived no attention prior to the SMM -150" (negative means wcst longitude) all 
reactor to reentcr thc atmosphere over Can- observations dcscribed in the accompanying havc Cosmos in thc northern (magnetic) 
ada. Recovery of some of its parts allowcd papers. hemisphere. This is a longitude rcgion 
Western scientists to estimatc that its operat- 
ing thermal power lcvel was in the range of 
tens to hundrcds of kilowatts (1). I I I I I I I I I I I 

These reactors havc constitutcd unique -
sources of particlcs and gamma rays in space. F 
Compton clectrons and electron-positron Z 30 
pairs produced near the surfacc of the satel- < . 

lite by the intense rcactor garnma-ray fl~uc 
can escapc. The Solar Maximum Mission 
(SMM) satellite, launched in early 1980, 
carried instruments that detected these parti- 
clcs and photons and led investigators to 

-associate them with the Soviet reactor-bear- -60 I I 

ing satcllites (4, 5) . Here we are concerned I I I I I I I I 4 I I J 

120 150 180 -150 -120 9 0  6 0  3 0  0 30 60 90 120
with thc positrons, which arc identified by 
thcir 51 1-keV annihilation radiation record- Geographic longitude (deg) 

ed by a gamma-ray detector on SMM. Fig. 1. Locations of SMM (observer) and Cosmos 1176 (source) at the times of 21 of the most intense 
51 1-keV ganuna events recorded by SMM during the 29 April to 6 September 1980operating lifetime 
of Cosmos 1176. The events arc numbered in the chronological order of their occurrence. The 
coordinates arc geographic latitude and longitude. Solid lines join the satellite locations in each event. A 
dotted lulc traccs the geomagnetic equator. Dashed lines connect magnetically conjugate points on the ~ ~ , ~ b ~ ~ ~ t ~ ~ ,  ,A ] National ~ ~ ~ lDs ~ l ~NM~ ~ > ~ 

87545. earth, thus depicting, approximately, 111agnctic meridians. 
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where thc field is stronger in the southern 
hemisphere so southcrn mirror points arc 
higher (by 200 km or so). Positrons emittcd 
nearly perpendicular to the field lines by 
Cosmos in the northern hemisphere mirror 
well above the atmosphere in the south and 
thus can survive one bounce or more. (iii) 
Events in the longitude range -20" to +30" 
all have Cosmos in the southern hemisphere. 
Here the northern mirror points are higher 
than the southern by several hundred kilom- 
eters and arguments analogous to those of 
(ii) again apply. (iv) Several events, notably 
4, 5, 6, and 7, have SMM unusually far to 
the (magnetic) west of Cosmos. These oc- 
curred in the longitude region -70" to 
-130", on the westward edge of the South 
Atlantic anomaly, where the field increases 
westward and mirror points for westward 
drifting particles rise. The lifetime against 
atmospheric loss thus increases for the Cos- 
mos positrons as they drift, dramatically 
increasing the distance over which they can 
be intercepted by SMM. (v) The two satel- 
lites are separated by thousands of kilome- 
ters in most events, so some sort of guidance 
seems required for particles from Cosmos to 
reach SMM. Theory (8) tells us that a 
charged particle is constrained to move on a 
magnetic surface defined by two adiabatic 
invariants of the paticle's motion as it drifts 
around the earth. Application of this con- 

Geographic trajectories of 
source and observer satellites 

20 1 (Event 5) 

ccpt to thc trapped radiation belts led to 
introduction of the L-parameter to identify 
a drift surface or "L-shcll" (9).Thc valuc of 
L is the equatorial distance, in Earth radii (1 
RE = 6371 km), from the geomagnetic axis 
to the surface on which a particle is con- 
strained to move. SMM and Cosmos. de- 
spite large separation distances, were on 
closely similar L-shells in each event in Fig. 
1, supporting the above evidence that SMM 
was responding to magnetically constrained 
and guided positrons from Cosmos. 

We now present an analysis of event 5 
that models the production, injection, loss, 
drift, and detection of positrons for the 
event. The final result will be a predicted 
count rate history for SMM that is then 
compared with the actual count rate profile 
measured in the event. Figure 2 illustrates 
that 5 11-keV gammas were sensed begin- 
ning -20 s after SMM entered the region of 
L-space that had shortly before been tra- 
versed by Cosmos and while the satellites 
were still 2340 km apart. (Their closest 
approach occurred 71/2 min later.) We shall 
show that the -70-s event ended when 
SMM reached an L-shell where the posi- 
trons from Cosmos had all drifted past to 
the west. 

To make a quantitative evaluation of this 
event it was necessary to estimate the follow- 
ing factors: (i) The spectral intensity of 

5 0 

Geographic longitude (deg) 

Fig. 2. Trajectories of source satellite (Cosmos 1176 at 263-km altitude) and observer satellite (SMM at 
563-km altitude) from 1635 to 1650 UT, 7 May 1980, in geographic latitude and longitude and in L-
space. "Event" printed by each curve indcates the time interval (16:39:10 UT to 16:40:31 UT)within 
which 51  1-keV gammas were sensed by SMM. The peak count rate, corrected for background, was 4.3 
counts per second. The closest approach of the two satellites occurred at 16:47:30 when SMM passed 
eastward 300 km directly above Cosmos. 
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positrons releascd by Cosmos 1176. (ii) The 
(energy-depcndent) lifetime against loss to 
thc atmosphere. (iii) The effcct of mirror 
point rise on atmospheric loss. (iv) Evolu- 
tion of the longitudinal distribution of posi- 
trons. (v) Response of the Gamma-Ray 
Spectrometer to the spectrum of positrons 
incident on SMM. The spectral intensity of 
positrons emanating from Cosmos 1176, 
shown in Fig. 3, was estimated as described 
in the figure legend (10, 11). 

The mean lifetime of positrons against 
loss by multiple small-angle scattering near 
their mirror points was calculated by means 
of methods presented by Christofilos (12) 
and Welch and Whitaker (13). The auno- 
spheric model of Kallmann-Bijl et al. (14) 
was used for these calculations. It was deter- 
mined that with parameters appropriate for 
the orbit of Cosmos 1176 and for the 
satellite's location in event 5 only about 15% 
of the positrons would survive the first 
bounce and the scattering lifetime of the 
survivors would be 7, -- 3 5 ~ ~s where E is 
the positron kinetic energy in megaelectron 
volts. The surviving percentage of positrons 
and the lifetime of the survivors are both 
dramatically increased with decreasing at- 
mospheric density at the altitude of the 
positron-emitting satellite. This effect is seen 
in the increasing lifetimes of positrons drift- 
ing westward out of the South Atlantic 

Io4 

Positron kinetic energy (MeV) 

Fig. 3. Estimated dfferential energy spectrum of 
positrons escaping from Cosmos 1176. The spec- 
trum of prompt plus delayed gammas from UZ3' 
fission measured by Maijenschein et al. (10)was 
adopted. ~ormulas  and 'graphs given in Evans 
(11)were used to estimate the spectrum of posi- 
trons created in an assumed I-cm surface layer of 
aluminum. The spectral intensity of escaping posi- 
trons then was calculated from range-energy rela- 
tions assuming the created positrons were isotro- 
pic and of uniform intensity in the aluminum 
layer. 
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anomaly (Fig. 1) and in the dependence of 
the frequency of occurrence of SMM 511-
keV gamma events on solar cycle and on 
Ci~snlosorbital altitude (5). 

The positrons detected by SMM in event 
5 were released by Cosmos in a region, on 
the western edge of the South Altantic 
anomaly, where the conjugate (northern) 
mirror point was about 200 km highcr than 
the release mirror point and where mirror 
altitudes of westward-drifting positrons in-
creased in both henlispheres as shown in 
world maps of geomagnetic parameters 

compiled by Wiley and Harish (15). The 
mirror point rise caused increases in 7,of the 
positrons, drifting at angular speed 
cod = 3.5 x 10P2~ / m O c ~degreels, by factors 
of -3 and -20 for 0.5-MeV and 2.0-MeV 
positrons, respectively, in the -100-s dura-
tion of event 59 (where moc2is the positron 
rest energy). 

The positrons that survive injection at a 
given L form a westward-traveling shell that 
also expands longitudinally because of the 
positrons' energy-dependent drift speed. 
The shell's "thickness" can be thought of as 

Fig. 4. llistributioil of positron 
flux on  an L-shell shown at 10-s 
intenrals after the time of deposi-
tion by Cosmos 1176. The abscissa 3.5 + 1 . 0  
is the geomagnetic longitude mea- 6 3 0  00 .8  -~ - 2.5 1' 0.6
surcd westward from the longitude 0.5 -~ 

of deposition. 

Drift longtitude (deg) 
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Fig. 5. Analysis of event 5. The trajectories of the source satellite (Coslllos 1176) and the observer 
satellite (SMM) in 1.-space are shown in the bottom panel. 'Their separation in geonlagnctic longitude 
is dcpicted in the top panel. Isoflux contours of 1, 2, and 5 x l o 2cnl 's-.' MeV- ' trace the positron 
distribution on  shells of increasing I .  at the tirnes when SMM passes through them. The calculated 
cvcnt is the time interval (-16:39:40 UT to  --16:40:30 UT) when SMM encounters positron fluxes 
above its threshold of -1 x 1 0  "ositrons cru ss' MeV- I. The calculatcd count rate profile during 
thc cvcnt is shown as a dasl~cdcurve in the bottom panel. The ohscn7ed count rate profile is shown for 
co~n~~ar i son .  
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the north-south distance Cosmos moves 
across field lines in a positron bounce time 
(-0.1 s), that is, about 1 km. The number 

Calculated event lnterval 
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- Day128 
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of positrons in the energy range FE (MeV) 
deposited in the shell is the reactor power 
times the differential emission rate (Fig. 3) 
times the fraction (-0.15) that survives 

1635 1636 1637 1638 1639 1640 1641 1642 1643 

injection times the shell crossing time. We 
assumed the reactor thermal power to be 
100 kW (1) .  Figure 4 depicts the evolution 
of a positron shell estimated for event 5. The 
principal features are progressive (west-
ward) displacenlent of the population, lon-
gitudinal broadening, and decreasing peak 
intensity with increasing time. 

Incident positrons are stopped within a 
few millimeters of the surface of SMM. each 
creating two 511-keV gamma rays that de-
part in opposite directions. Those gamma 
rays that are properly directed to strike the 
sensitive volume of the gamma-ray spec-
trometer and are not scattered or absorbed 
before entering it have a probability of 
-80% of being identified as 511-keV gam-
mas and thus signaling the incidence on 
SMM of their parent positrons. Using sim-
plified models of the satellite and detector to 
estimate the detector's counting rate in an 
isotropic flux, J ,  of positrons, we find that 
the count rate N (counts per second) = 50J 
(positrons cm-2 s I). 

We can now present a theoretical inter-
pretation of event 5 for comparison with its 
observed features. We noted in Fig. 2 that 
SMM, nloving to higher L-shells, first de-
tected 5ll-keV gamma rays within about 20 
s after its L-path intersected that of Cosnlos, 
which was eastward of it, moving to lower 
L-shells. We can thus visualize SMM, after 
entering the region of L-space through 
which Cosmos had just passed, crossing 
through successive shells of positrons which 
are in various stages of the evolution depict-
ed in Fig. 4. We note times when Cosmos 
attained chosen decrenlental values of L 
between -1638 and 1640 UT and then, 
knowing how much later in time, and how 
many degrees to the west, SMM crossed the 
same shells, we determine the positron flw-
es at SMM directly from the appropriate 
curves of Fig. 4. 

To illustrate, Cosmos was at 1, = 1.113 
at 16:38:00 UT. SMM crossed this L-shell 
at 16:40:40 UT and did so 11.2"west of the 
Cmsmos crossing. Thus for SMM's crossing 
of this 1,-shell we have the parameters 
At = 160 s and A+ = 11.2". That is, SMM 
crossed a 160-s-oldpositron shell 11.2"west 
of where it had been established. 
Fig. 4 we find that the peak flux on the 160-
s shell is -2.2 x positrons cm-2 s ' 
M C V '  at drift longitude = 21" (that is, 21" 
west of whcre the shell had been estab-
lisl~ed).The ALLY is only -1.9 x 10- posi-
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trons cmp2 sp' M~v- ' ,  that is, below the 
detector threshold (-1 x lop2), at A+ = 

11.2" where SMM crossed the shell. Flux 
levels of 1x are found at A+ = 14" 
and 29" on the 160-s shell; flux levels of 
2 x lop2are found at A+ - 28" and 22". 

The results of this analysis and compara- 
ble analyses of other L-shells are shown in 
the top panel of Fig. 5. For six times from 
16:39:08 to 16:40:40 UT the drift longi- 
tudes of the peak flux and of flux levels 1,2,  
and 5 x positrons cmp2 sp '  M ~ V - '  
on the shells being crossed by SMM were 
determined from Fig. 4. The isoflux con- 
tours joining these points, drawn in Fig. 5, 
trace the evolution, not on a single L-shell, 
but of the positron intensity distributions 
on successive shells as SMM crossed them. 
Thus, after -16:38:50 UT SMM was on 
shells that contained positrons, but it was 
not until -16:39:40 that it encountered a 
shell on which the positron flux, at the point 
of crossing, had reached detector threshold 
levels. The ~ e a k  flux (-3.5 X cm-2 
s-' MeV-') was encountered on another 
shell at -16:40:04 and after -16:40:40, 
SMM was on shells whose positrons had 
mostly drifted westward of its crossing 
point. 

In the bottom panel of Fig. 5 a dashed 
curve shows the theoretical count rate pro- 
file of the event corresponding to the con- 
tour-crossing history in the top panel. Also 
shown is the observed count rate profile 
consisting of the five 16.38-s count bills that 
were above threshold. Our analysis predicts 
a peak count rate about half that observed, 
occurring about 20 s after the observed peak 
time. These differences are easily ascribed to 
uncertainties in the orbital and physical fea- 
tures of Cosmos as well as to inacchracies of 
the model and calculations. 

The L-shell positions and geomagnetic 
longitudinal separations of SMM and Cos- 
mos 1176 have been examined for times 
surrounding all of the events depicted in 
Fig. 1, although a detailed analysis such as 
that for event 5 was not done. It was found 
that the onset times of nearly all the events 
were consistent with the interception by 
SMM of -1- to 5-MeV positrons drifting 
westward from Cosmos 1176. These many 
analyses, together with the detailed analysis 
of event 5 and the qualitative arguments 
presented earlier with regard to Fig. 1, show 
that all of the essential features of the SMM 
51 1-keV gamma events can be explained as 
due to positrons from Cosmos 1176. 
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Observations of Nuclear Reactors on Satellites with a 
Balloon-Borne Gamma-Ray Telescope 

Gamma rays at  energies of  0.3 to  8 megaelectron volts (MeV) were detected on  1 5  
April 1988from four nuclear-powered satellites including Cosmos 1900 and Cosmos 
1932 as they flew over a double Compton gamma-ray telescope. The observations 
occurred as the telescope, flown from a balloon at  an altitude of 35  kilometers from 
Alice Springs, Australia, searched for celestial gamma-ray sources. The four transient 
signals were detected in 3 0  hours of data. Their time profiles show maxima with 
durations of (21 2 1) and (27 & 1) seconds (half-width at half maximum) for the 
lower two satellites and (85 ? 5) and (113 2 7) seconds for the remaining two. Their 
durations place the origin of the two shorter signals at  orbital radii of 2602:; and 
260 ? 60  km above the earth and the two longer at  800?i$t and 800?:2t kilometers. 
Their luminosities for energies >0.3 MeV are then (6.1 2 1.5) x lo1', (3.9 2 1.0) x 
lo'', (1.10 ? 0.28) x 1016, and (1.30 2 0.32) x 1016 photons per second. The 
imaging of the strongest signal indicates a southeastern direction passing nearly 
overhead. The energy spectrum can be fit t o  an  exponential with index 2.4 IC- 1.4. 
These transient events add to  the already large backgrounds for celestial gamma ray 
sources. 

ECENT ARTICLES HAVE 1)ISCUSSED 

background signals observed by 
.Solar Masimum Mission and Ginga 

satellite instruments that appear to be caused 
by nuclear reactors on Soviet satellites (1, 2). 
These signals are produced by electrons and 
positrons emitted by the hull of the reactor 
then trapped temporarily in specific regions 
of the earth's magnetic field. Computer 
memories of scientific instruments on satel- 
lites that fly through these regions are filled, 
preventing the detection of celestial radia- 
tion. Suggestions have been made to shut 
down instruments on NASA's Gamma Ray 
Observatory (GRO), which will be 
launched into earth orbit in the near future, 
as it passes through these regions or to 
disregard the radiation when simultaneously 
detecting electrons or positrons. Direct 
gamma-ray emission may also cause a signif- 
icant increase in the background radiation. 

Dcpartmcnt of  Physics and Instinltc of Geophysics and 
Planctarv Phvsics. Univcrsitv of  California. Rivcrsidc. 
~ ~ 9 2 5 2 1 .' ' ' 

Here we report the detection of direct 
gamma-ray emission from four different sat- 
ellite reactors. The observations were made 
during a 30-hour period with the University 
of California, Riverside (UCR), double 
Compton telescope launched from a balloon 
to an altitude of 35 krn. We observed two 
satellites at 260-km altitude and two at 800 
km, the latter above the future orbit of 
GRO. The flux we detected from the nearest 
reactor exceeded by 50 times the flux expect- 
ed from the strongest celestial sources.- he 
Comptel experiment on GRO, which is 
similar to our instrument and which pos- 
sesses a large field of view and high sensitiv- 
ity, could also be subjected to these enor- 
mous signals (3). 

The UCR double Compton telescope (4, 
5) was designed to search for celestial gam- 
ma-ray sources at energies of 1to 30 MeV. 
Because the aperture of the instrument is 
about 1steradlan, virtually the entire south- 

ern be searched 24 
Alice Springs, Australia. 
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