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S
pace - based nuclear threat
re d uc tion begun with the s ign -
ing of the Limit e d Tes t Ba n

Treaty (LTBT) in 19 6 3 . The trea ty
prohibited nuclear tes t s in the a tmu s -
ph e re , outer space, and under wat e r,
and wa s a tiig nifi ca nt fir st s t e p toward
both sl owiiig the nu c l e ar arm s race
and c urh i n L, the environmental co n -

tamin at i on assoc i ated wi t h abo v e -
g roun d te s ts . But in the tense atnios-
phere o f the Cold Wa r, neither the
United States nor the Sov i et Union

would tru s t that the o ther had com-

plied with the treaty without a fool -
proof inethod o f verification .

That metho d turned out to re ly

hea v ily on earth -orbiting satell i te s,
ea c h of which carried a bevy o f s en -

so rs th a t wo u ld m o ni tor the s kies and
unambiguously de tect abov egr o und
nuclear detonation s . The Defen se
Ad vanced Research Pr oject s Agency

and TRW , Inc ., were tasked with

de s igning, building, and fielding these
satellite s called Vela for the Spani s h

word "velar ," meaning t o watch . Los
Alamo s and Sandia Nat ional

Laboratories were entrusted with pro-

,,iding the all-important sensors .
Los Alamos was a natural choice to

supply these sensitive "eyes" in space .
Since the late 1950s, researchers at

Los Alamos have used sounding rock-
ets to hoist neutron, gamma-ray, and

other detectors into the upper atmos-
phere in order to gather data from

high-altitude nuclear tests . Those
same instruments would be adapted

for the orbital environment and the
nuclear detonation (NUDET) detec-

tion mission . But numerous technical

difficulties surrounded this new mis-
sion as the sensors would be subject
to a host ot' natural back-rounds and

obfuscating signals . Would something
as common as a lightning flash be
confused with a nuclear event, or

would something as exotic as gamma
rays from a supernoval trigger the
system ?

This later question was originally posed
by S ti r li ng Co l gate, n ow a sen i or fe ll ow a t
L os A l amos, in a 1959 test ban s u mm it
meeting . Co l gate perceptive l y recog ni ze d
the connection between mission and basic
research .

Simi lar to wha t i s b ei ng done t o day

to carry out the Laboratory's mi ssions,
the sc ie nti s ts the n applied th e ir
experti se to building a detection s y s-
tem that w ould behave as plann e d .

They al so initiat ed new resear c h pro-
grams specifically d es i g n e d t o further

an under standing o f back g r o und
source s and create s en s or s that could
better di scriminate nuclear explosion s

from nat ural signa l s . Furthermore,
they realized from the o n set that a
s y s tem that was sens iti ve to , s ay ,
lightnin g co uld be u sed to study light -
nin g . Soo n , scienti s t s were u s ing

NUDET sen s or s to conduct world -
c lass research in atm ospheric science .

s pace-pla s ma sc ience , and even a s tro-

phy s i cs .
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Los Alamos detec t o rs hav e s ince

j o u rneyed ov er the po les o f the s un ,
probed two come t s, and h ave flown to

s e v era l plan e t s to gath e r d a ta fo r ba s i c
res ear ch. In turn , the se hig hly v i s ibl e
s pace mi ss i o n s aid our n a t ion's threat
redu c tion effort s . C o n s id e r, fo r exam-
pl e , the re c ent di scovery of water o n

Mar s, di scu ssed in m ore detail in the
box "Geochemica l S t ud ies o f the
M oon and Plan e t s" on page XX .
Sc ienti s ts announced thi s find after

analyzin g the neutrons coming fro m
the Red Planet . Becau se th e y are ge n -
erated by cos mi c rays bombarding the

Martian surface , the neutrons ha v e a
kn own energy s pectrum , whic h
becomes s lightly di s t orted if they col -

lide with water m o l ec ul es . Those
s pectr al di s t o rt io ns were "see n" by th e
highly ad v ance d n eutro n s pectro m e t e r
on the o rbiting Mars Odyssey satel-
lite . Whil e the discovery o f water o n

Mar s ju s tly fuel s the public' s ima g ina -
tion and promotes basic re sear c h , it
also reminds oth e r nations of th e

United State s' remarkabl e capabiliti es
in neutron detec ti o n , in case any
nati on need s remindin r .

NUDET detection fo r t reaty verifi-
cation and s ituational awarene ss
remain s a Los Alamos mi s sion . The

rad ia tion d e t ect i o n sys tem on th e A i r

Fo r ce's Defe nse Supp o rt Program
( DSP) satellites and th e g lob a l pos i-

ti o ning satellite s (GPS s )-the s ame
satellite s that ~ive u s hand - h e ld na v i -
gatio n-are being u sed for NUDET

de tecti o n . The la s t DSP satellite will
be launched in 2003 o r 2004, after
which the next generati o n o f GPS

sa telli tes, and p e rhap s ano ther system ,

will c arry on the mission .
The e n d o f the Co l d W ar, ho weve r,

c h a n ge d th e w o rl d . We needed to
asse s s the c apabilitie s o f aspirin g
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nu c lear s tates long before any bomb
was de t o n at ed, and to addr ess prob-
l ems o f nu c l ear mat e rial s co n tro l and

internati o nal terro ri s m . Thi s bro ader
con c ept o f nu c lear threat reducti o n

required new sen s in g capabiliti es : n ew

s ma ll satellites fo r space o btier v ati o n s ,

new se nso rs t o m o nitor effluent
s treams from fac t o ri es and power
plants, portable sensors for material s

tr afti c kin g, and sen so r s that could
operate in cyberspace to detect subtle
patterns a nd con n ec ti o n s in large
masses o f data . L ike th e NUDET sys-
tems, these ad va n ced techn o l ogie s
doubl e a s res earch tool s and have led

.

from the nuclear debri s . Both the

pr ompt and delayed radiati o n s can be
dete c ted by satellit e- b o rne sen so r s :
b h a ngmeters '- for de te c ti o n o f optical
s i g nal s, very high frequency (VHF)

radio recei v ers for mea s u rement o f the
EMP, plu s n e utr on, gamma-ray, and

x - ray d e t ec t a rs .
These se n sors s tudded the s urface

and filled th e in s ides of the Ve la s atel -

lites , whi c h we re the fir st u sed to veri -
fy th e LTBT. Th e Velas operate d i n

pair s, with s ate llites occ up y in g oppo-
site s ides o f a nearly c irc ul a r o rbit that
lay about one - third o f th e way
between the earth and m oon . Thei r

t o m o re di s c overies o f our planet, the sen s itive in s trument s co uld see th e
so lar s y s tem , and the c osmos .

Space-Based N uc lea r Eve nt
De tecti on

R emot e de t ect ion o f nuclear expl o-
s i ons i s accompli s he d wi th se nsor s
th a t m e a s ur e the different form s of
e n e rg y comin g from the w e apon .
Neutrons, gamma ray s, and x-ra ys are
emitted promptly within about 2 mil -

li seco nds of the det o nati o n . Those
radiati on s then interac t with their s ur-
ro un di ngs to p rod uce seco nd a ry ra di a-
ti o n s, in c luding vi s ible light and e l e c -
tr omag n e ti c pul ses (EMP s) . in the p art
o f th e r ad i o frequency (rf) hand below

a few hundred megahe rt z . Delaye d
gamma ray s and neutrons al so co m e

.A

entire s urface o f the earth , a s well a s a

lar ge reg ion o f space s u rroundin g the
plane t .

'The name "bhangme t e r" possibly de rives
from hh ang, the In dian n ame for a type of
marijuana . Apparen tl y, some believed that
anyone who thought satellite-based opti-
cal de tectio n would work must have bee n
smoking somet hing . Equally like l y, i b-
hang" derives from a two-tiyllabic way o f
prono u ncing "bang:' T his p r onunciatio n
mirrors the detection of the two dist i nc t
opt ica l peaks (one s h ort and one long)
characteristic of a n atmospher i c n u clear
ex p losio n .

W
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Figure 1 . Nuclear Event Detection
( a ) No s i ngle sen sing technology can prov ide u nambiguous detection of a nuc l ear
detonation ( NUDET ) under a ll circumstances , so a NUDET system emp loys a host of
different types of sensor s . Fo r events that take place in the troposphere or the lower
stratosphere ( with i n about 30 km of the earth 's surface), on ly the opt i ca l bhangme-
ters and VHF sensors y i eld information because the gamma rays and neutrons are
absorbed i n this r egion . ( b) The bhangmeter reco r ds an unambiguous doub le -

humped optica l s igna l because the atmosphere goes from transparent to opaque
and then back to t r ansparent as the blast's shock wave trave ls through it .

Unfortunately, clouds can obscure that signal from the sate l lite 's view . The elect ro-
magnetic pulse (EMP) i s produced primar ily when gamma rays "co ll ide " wi th atoms

in the atmosphe r e , freeing electrons. These become acce l erated i n the ea rth ' s mag -

netic fie ld and produce a broad spectrum of radio waves . The very high frequency
portion of the spectrum can penet r ate clouds and the earth 's upper atmosphere and
then reach satellite - based sensors . Th i s mechanism for producing the EMP
becomes ineffective above 30 km because the atmosphere becomes transparent to
the gamma rays. But in this i ntermed iate reg i on , the neutron and gamma- ray sen -

sors become useful . Schemat i c data from these sensors a r e shown in (c ) and (d ) .
For events in the ionosphere ( above 60 or 70 km ), NUDET detection is augmented
by data from part i c l e detectors and ( e ) x-ray data .

All t o ld , s i x pa ir s o f Ve la satellites

we re laun c hed be tween 196 3 and

1969 . The initial pair ( Ve la I and 2)

carried onl y x - ray, neutr o n , and

g amma-ray detec t o r s . Th ese wo uld

se e any event s tha t occ urred hig h in

the atmosphere (above a bout 30 kil o-

meter s ) a nd also in s pace . Even a det -

o nati o n on the far s ide o f the moon

would he detected because the nuclear

bla s t would expe l a gamma - r a y -emit -

ting cloud o f debri s that w ould quick-

ly be s een . (See Fi g u re I . )

The s e tirst detect o rs were u s ed a s

much for system shakedown as for

treaty veritication . Far from being

empty, the space between the sun and
earth is filled with charged particles
that boil from the sun's surface and
stream through the solar system at

supersonic speeds (the solar wind) .
Interactions between the solar wind

and earth's magnetic field create a
tenuous and highly variable plasma,
known as the magnetosphere, that sur-

rounds the earth . The Velas' orbit

would carry them through the magne-
tosphere, but in 196 3 , little was

(b) Optica l signal f rom b h angmete r
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known a b out that pla s ma re g i o n or
about the effe cts of that r eg ion on sen-

sitive in s trument s . (The Ve la s were

a l so s ubjec t to hostile c os mic rud ia-
tiun , whi c h ro mes fro m outside the
so lar s y s t e m . Thu s many skeptics

g a ve th e in s trum e nt s n o m o re than

tw o wee k s t o li v e . But m os t instru-
ments lasted well bey ond their de s ign
life tim e o f s ix months : som e, fo r a s

l o ng as a decade . )
Adopting a bootstrap a ppr oac h ,

scientists u sed th e data from the tirs t

Ve l a s at e llite s t o design new type s o f

Ln s .qlunms Sr irn re Number 28 2(N) 3

Lo g ti me (s )

Log t im e (s )

Log time (s)



F.yc s in Space

se nso r s that would monitor the pl a tim a

h ac k g r ound a nd track p a rti c l e fluxes

th a t roul d Cawse false s i g n a lti in th e

o th e r detectors . These pl asm a and

ener geti c- pa rti c le sen so r s, plus hhan g-

me t e r s and VHF se nso rs that could

identi fy e xpl os i o n s that took pl ace in

th e l o w er atm osphere ( re fe r t o

Figu re 1), were fielded al o n g with the
other detectors o n the Vela 3 throug h
6 satellit es . The las t three pairs o f

s at e llites (o fti c iall y kn own a s
Adv an ced Ve las) carri ed improved
NU DET tiy s t c ro s, plu s sensors that

monitored so l a r a cti v i ty, te rr es trial
lig hrnin g, and ce l es ti a l x - ray s and

gamma rays .
A s a series, the Ve la s w o rk e d

s uperbl y and were widely con s idered

to have seen eve ry ab oveg round
nu c lear expl os i o n th a t was within
th e ir field o f v iew . They established

the benchmark for s ur ve illance capa-
bility, but th e ir legacy was also o ne o f

scientific discov erie s . A s disc u ssed
later in this artic l e, muc h o f our early
data o n the so l ar win d was obt a i ned
by th e Ve la s ' particle d etec t o rs, wh i le
the ir gamm a- ray d e tect o r s were th e
first t o observe cosmic g amma- ray

bursts, an entire l y unkn own phen o me -

non th a t o pe n ed a new d oorway int o
the ob se r v abl e un ive rs e .

Startin g in the 1970s . th e Ai r

Fo rce's DSP sat e llite s began c arryin g
NUDET ti ys t em. , which were co ntin -
ually upgraded fo r se n s iti v ity , d y n am -

i c r a noe, and bac k g round rej ec ti o n .

But the ba s i c in str ume nt s rema in e d
the same as on Ve l a, eve n th o u g h
e xt ending sys t e m capabilities int o the

extreme ultra v i o let (so ft x -ray) and r f
band s had a lways bee n a goal . B y the

l a te 1980s . w e h ad concept s for n e w
s enso rs t o operate in th ose extended
frequency bands .

Unfortunately. the s e new devi c e s

pre sented u s with a pr o blem . While
we could verify their o perati on in the

laboratory, in s pace they would be

s ubject to large and p oorly under s t ood
background s . We needed t o t es t the m

The L i tt le Sate llit e tha t Could

Diane Rousse!-Dupre

The two years 1985 and 1986 were bad ones for the U .S . space program .
Three major launches failed, and on January 28, 1986, the space shuttle
Challenger exploded in full view of the entire world . These calamitous fail-
ures stopped all U .S . space launches
for more than a year and left the space
community cautious and conservative .

Quixotically, it was during this guard-
ed period that our young experimental
team at Los Alamos chose to field the
Laboratory's own satellite . The
ALEXIS (for array of low-energy x-
ray imagining sensors) satellite was
designed to test new soft x-ray and
radio-frequency (rf) nuclear detona-
tion (NUDET) detectors . It was fund-
ed by the Department of Energy and n ew techno lo g i es for treaty ve ri fi ca-

launched by the Air Force's Space tion while c a rr y i ng out bas ic

Test Program. The rocket was the new research In as trophya le a and atmos-

Pegasus launch vehicle, which had pherlc science .

mixed success on its first three out-
ings . Its fourth launch on April 25, 1993, however, went well, and our rocket
gracefully ferried ALEXIS aloft to an 800-kilometer circular orbit . But the
satellite itself ran into complications due to the launch forces .

The Pegasus rocket was outfitted with a video camera to monitor the rocket

performance and reveal whether the nose cone deployed cleanly. To our hor-
ror, the video footage that was transmitted back to the California tracking sta-
tion showed that one of the solar panels on ALEXIS had broken loose at the
hinge and was dangling freely. We could not tell from the video whether any
other damage had occurred or whether the satellite was dead or alive . The
first attempts to contact the satellite yielded nothing but silence, feeding our
team's worst fears .

For six frantic weeks, the team listened for a signal every time the satellite
passed over our Los Alamos ground station . We took a second ground station
to an Air Force facility, trying to "shout" at the satellite with a bigger dish .
We took pictures of our satellite from the Air Force's optical tracking station
on top of Haleakala to learn about its status, and we optimized our contact
strategy . Our persistence finally paid off with a brief contact from our Los
Alamos station, followed by a longer contact and an understanding of the
satellite's problems . We formulated a recovery plan, and ALEXIS revived as
expected .

ALEXIS was planned as a high-risk, one-year mission . However, as ALEXIS
approaches its tenth birthday, it is still fully operational, operated by an auto-
matic ground station in the Physics Building at Los Alamos . The solar panels
are losing the ability to provide charge to the batteries, the commercial nickel-
cadmium batteries have some trouble charging, and protons from recent solar
storms have damaged parts of memory, but ALEXIS is still "the little satellite
that could ."

Number 28 2003 Lo .+ Alurnns S r i onwe
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Figure 2 . The FORTE Satellite
and a View of Lightn in g
(a) The sketch shows an artist's con -

cept ion of FOR TE i n orb it . The radio
antenna , wh ic h is pointed toward the
earth , i s dep l oyed to 11 m in length
from a storage container the s i ze of an
office wastebasket. ( b ) This p l ot shows

frequency vs t i me for a part i cularly

strong n arrow b i po l ar event ( NBE ) col -
lected by FORTE . The two pu l ses cor-

respond to the direct pulse f r om the
lightning and an echo ref l ected from
the ground . The spacing of the two
pulses can be used to i nfer the source
height. Free elect r ons in the earth ' s
ionosphere cause the l ower -frequency

components of the s i gnal to arr i ve
later than the h igher -frequency ones .

We quantify and remove th i s effect to
deduce when the event wou l d have
arrived at the sate ll ite if the i ono -
sphere were abse n t . If we see the
event from four or more satellites , we
can use these timings to so l ve for ( x ,
y, z , t ) and l ocate the event i n three
dimensions .

in s pace, but by thi s tim e unprove d

instruments co uld not be de ployed on
a commercial o r military satellite-

the cos t o f failure was t oo hig h .

Unable to fly these sensors o n
someone else's satellite, we chose to
fly them on our own . We assembled a
small, dedicated team to design and
build Los Alamos' first satellite and

called in Sandia National Laboratory
and AeroAstro, Inc ., a start-up small
satellite company, to help . Named

ALEXIS, our satellite was launched in
1993. The first of the "faster, cheaper,
better" satellites, its sophisticated
design included a novel uplink/duwn-

link protocol, similar to the FTP proto-
col used on the Internet, which allowed

us to have very simple, inexpensive
antennae on the spacecraft and on the
ground and to run the satellite almost

T (uS )

autonomously . ALEXIS was the first
satellite for which the weight and vol-
ume of the srientitir payload was

greater than the nonpayload (hatteries,
solar panels, structural componcnts,

and others) remainder of the tipace-
crafi, and was one of the first to use
computer memory instead of a tape
recorder for data storage . After a some-
what shaky start-recounted in the box

"The Little Satellite that Could" on
page XX-it performed beautifully .

VHF/EMP sensors are excellent l ight-
ning detectors that can he used for
basic research . Blackheard, for exam-

ple, enhanced our understanding of
how the ionosphere modifies lighting-
induced rf Pulses that pass through it

and, in the course of its operation, dis-
covered TIPPs (for transionospheric

pulse pairs), or a doublet of brief,
transient rf events that form in ener-

getic thunderstorms at 8 to 10 kilome-
ters above the earth's surface .-

Other successes soon followed .

When compared with ALF:X15, the
FORTE satellite, which was launched

in 1997 and is still operational, was a
stepup in ,ize and sophistication . Its
primary mission was to demonstrate

new rf detection technolooies that
were to he at the core of the V-sensor,
a new EMP sensor that will fly on the

next generation of GPS satellites .

Over the years, FORTE mapped opti-
cal and rf hackground,,, tested detec-

tion algorithms, and provided a wealth
of data on the physics of lightning and
the ionosphere .

One of the first and most basic of

FORTE's findings was an explanation
for the TIPPs observed by

Blackheard . What happens is that a

lightning discharge between clouds in

the troposphere (the roughly 20-kilo-

meter-thick atmospheric layer closest

to the surface of the earth) produces

an rf pulse that reflects from the

grouncl, so that a pair of pulses is
detected by the sensor . TIPPs are

closely related to another unusual

lightning phenomenon. narrow bipolar

events (NBEs) . %%hich are intense, in-

cloud rfcvcnts that ocrur during, Ihun-

derstcirms and last for sc~rral niil-

ALEXIS carried a set of soft x-ray liseconds (see Figure 2) . They are the

imagi n g telescope s and an rf re ceiver,
called Blackbe a rd , th at wa s int e nd ed
t o h e lp u s un ders tand li ghtning event s .

Li ghtnin g i s a comm on bac kg r o und
for o ur VHF se nso rs b ec au se th e
int e n se electrical di sc h a rg e pr od uces a

burs t of rf n o i s e that c an mimi c the
nu c l ear EMP. The flip s id e i s that o ur

bri ghtes t , m os t common form o f lig ht -
in g see n by our orbiting se n sor s .

A s it tu rns out , the occurrence rat e

a nd source h e i g ht o f NBE s a re e x ce l -
lent ind icati o n s o f the deep convec-
tive s t re n g th o f the parent s t o rm .

Dee p convec ti o n , o r cu n ver ti o n

betw een th e lower and upper trupu-

l.rtc Alt inuac .ti t 'irrirr Numhcr 28 2(H) 3

60 80 100 120 140



H:y« in Space

Figure 3 . Imaging with MT I
The Mult i spectral Thermal Imager (MTI) is one of the most accurately calibrated

thermal imagers ever launched into orbit. It gathers data in 15 frequency bands-
from the infrared to the ultraviolet . (a) An optical image taken by MTI of a section of
the Lake Ontario shoreline at Rochester , NY, reveals certain types of information , for
example, the existence of offshore sandbars. (b) A thermal image of the same area
reveals other features . In this false color image , red represents ho tter temperatures
whereas blue represents cooler ones . We can now see a plume of hot water from a
water treatment plant entering the lake . Data from all spectral bands give us valu-
able information for detecting and characterizing an area or facili ty.

sphere, is the dri v ing mechanism for

several forms of sev e re weather on

earth and is a prima ry means by

which energy- in the form of latent

heat-drives the large - scale atmos-

pheric circulati on . It i s also the pri-

mary means by which the atmosphere

injects water into the stratosphere,

whe re it profoundly influences the

radiative and chemical balance of the

atmosphere . Once the new V-sensor i s

in orbit, we will be able to use its

data to map atmospheric deep con-

vecti ve proce sses in a near-real-time,

global manner, particularly ov er

oceanic regions where weather radar

coverage is li m ited . Such maps will

he used to support commercial and

militury aviation .

Advanced Systems. Whil e we ar e

s till advan c ing the sc ience o f nu c l e ar
event dete cti on, the a l armin g ri se o f

nu c lear -capable s tate s in the w anin g
yea rs o f th e 20th ce ntu ry ca ll e d fo r a n

expanded mission . We needed to

develop surveillance systems that

could he used for detecting and char-

acterizino facilities that rnight he pro-

ducing weapons of mass destruction .

But gleaning information about an

unknown facility is far more difficult

than gleaning the specifics of a

nuclear blast . The latter presents a

well-defined signature of gammas,

neutrons, and electromagnetic radia-

tions, whereas the former oftentimes

presents a patchwork of subtle tiignalti

that make sense only after detailed

analysis . In general, a modern surveil-

lance system will take images at sev-

eral wavelengths, or spectral bands .

Unfortunately, interpreting and piec-

ing together the spectral information

is often hindered by uncertainties in

the spectral calibration and by an

inability to fully compensate for

atmospheric effects .

The Multispectral Thermal Imager
(MTl), developed jointly by Sandia
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and Los Alanun Naiiuna l

Laboratories and launched in early
20(H), was meant to demonstrate

advanced imaging and image procesti-
in- techniques that could he used in
future systems . A major component of

the MTI project was absolute calibra-
tion of the instrument, which is excel-

lent and the best in its class . MTI
takes data in 15 spectral bands, rang-
ing from visible to lung-wavc

infrared, which when combined and
analyzed, provide information about
surface temperawres, materials, water

quality, and vegetaticm health .
Additional spectral bands provide
simultaneuus information about the

atmosphcre, such as the amount of
water vapor and the aerosol content .

All this information helps us construct
the profile of a remotely located facil-
ity or area of interest (see Figure 3) .

Multispectral data are also exceed-
ingly useful for cemducting, basic earth-
science research . The satellite doubles

as a national and international resource
that provides data to a large number of
researchers . For example, MTI was
used to study the volcanic eruption of

Popocatepetl in Mexico in January 2(K)I
and the eFfects of the Cerro Grande fire
that swept through Los Alamos in May

of 2000 . The MTI team at Los Alamos
has built the Data Processing and
Analysis Center to distribute data to the
national user community .

Los Alamos scientists have also
developed ground-based advanced
imaging systems . Among them is

RULLI (for remote ultralow light
imaging), a single-photon detector and
imager that can uccuralely and simul-

taneously measure the position and
absolute arrival time of individual
photons coming from a target area .
The result is a data set that contains

full, three-dimensional (3-D) informa-
tiun about the area (see Figure 4) .
Because it can detect activities con-

ducted under the darkness of night,
RULLI and its successor technologies
can be used for various threat-reduc-
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ti o n applirati o n s, in c ludin g a irbo rn e,
l a rge-area s urveillance fo r perim et e r
pr o t ec tio n .

From Outer S pace to
Cy be r s pace

The body of data returned by
advanced system s such as MTI .

RUI..L1, or other signal collection and
imaging systems is huge . Human ana-
lysts face a nearly impos s ible task try -
ing to keep up with thi s deluge .

Increasingly, we must turn to comput-
er-based image processing tool s to
automate and assist in the analy s is . But

a computer's ahility to analyze image
data pales in com parison with the

remarkable human brain . Hence, we
developed GENIE (for genetic image

exploitation), a new software tool that
allows translating human knowledge
into an algorithm that can recognize

objects and patte rn s in data streams .
At its core , GENIE is a computer

program that develops other computer
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Figure 4 . Im ag i ng with S ingle Photon s
( a ) The RULLI technology allows us to take three - d i mens iona l ( 3 -D ) images of sub-

j ects t h at a r e cloaked i n da r kness . Indiv i dua l photons ( say from starlight ) that

refl ect off objects are sensed by the RULLI detector and converted in to well -defined

electrica l pu ls es i n the c rossed de l ay l i nes . Coupled with fast ana l og e l ectron i cs

and a processor , the sensor system measures the posit ion and time of each photon

event . By using a pulsed laser w i th known t i m i ng characteristics to bounce photons

off the su b j ect , we can measu r e each photon 's roundtr i p t i me of fl ight . We can

dedu c e the d i st a nce to the subject with an accu racy of a few ce n t imeters and recon -

s truct a 3 - D i mage . ( b ) RULLI 's 3 - D i maging capab ili t i es a llow us to see both the for-

est and the trees in a Los A l amos canyon . We observed th is loca l scene from a d i s -

tance of 235 m by illuminat i ng the trees w i th a 6-mW pu l sed laser (about a s br i ght

as a laser po i nter) . The image appears to be a "head-on" shot , but it is not . The laser

and detector were located to the left , look i ng up the slop i ng canyon , and the hori -

zonta l axis of this pi cture correspond s to distance . We ca n reconstruct this v iew
thro u gh the trees only because we have full 3 - D informati on .

programs (algorithms) . It does so by

Z~

of "hesl-tit" rriteria.

using genetic programming tech- A l t h o u gh the top- ranked a l go-
niyue s , which are methods for aut o- rithms may work very well, ty pically
matically creating a working comput- they do not tin~i all the featu res of

e r prog ra m by com bini ng, m uta[ in g,

o r rea rran g i ng l ow- l eve l , nonspecific

com pute r f un c ti ons or pro=rams. As

i t s name implies, ge ne ti c p rog r anr

ming draws it s in spira ti o n f r om biol o-

interest . The analyst then goeti

throu~~h the tra i ning set again, retag-

ging missed features or flag~in~

incorrect ones . GENIE manipulates

the top-ranked algorithms and, aft e r a

gy, where new species emerge thro ugh few such iterations, "evolves" an algo-
the exchange and modification of rithm that i s optimized to find the Fea -

c hr o m osomes .
Training GENIE to find selected

fealures in a data set is an iterative .

evolutionary process . Starting with a

small data set, or even a single irnage,

an analyst marks features of interest

for exumple, all regions of water.

Given this goal and a substantial

library of low-level image-processing

functions (for example, edge detectors

or spectral filters), GENIE uses genet-

ic programming techniques to produce

hundreds of algorithms, each of which

finds (to some degree), the regions of

water in the training set . The program

ranks the algorithms accarding to a

tures of interest (see Figure 5) . The

analyst can rctricve the optimized
algorithm in human-readable codc,
automate it, and use it to chew
through large, complex data sets .

GENIE is a general-purpose tool
for feature classification . Aside from
threat reduction, it has been used suc-
cessfully in detecting cancers and
pathogens in humans, looking for
tcipographic features and minerals on
Mars, and mupping ash and debris
from the World Trade Center follow-
ing the New York City terrorist attack .

Whereas GENIE enables us to cre-
ate optimized software, meeting the
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demands of our expanding threat-

reduction mission means optimizing
hardware as well . We need to couple a
sensor directly to a processor and
have the system shoulder much of the
real-time data analysis . Unfortunately,
in trying to build such a sytitem, we
quickly run into size and power

restrictions . A general-purpose pro-
cessing board wastes valuable pro-

cessing power and real estate because
it provides capabilities that are extra-

neous for our purposes . Our data
problems are so supersized that we
need every hardware gate to be dedi-
cated to solving our task . Field-pro-
gram ► nable gate arrays (FPGAs)
deliver this capability .

The FPGA consists of cells that
implement logical gate functions, such
as NAND . NOR, or XOR. Each cell

can be configured to perform different
logic functions at different times . A
programmable matrix connects the
cells to each other, and those connec-

tions can be altered by signals sent to
the FPGA hoard . Thus, a user can cre-

ate different logic circuits (nodes) .
Similarly, the nodes can be linked
together to perform all the steps that
are needed to do the data analysis (see

Figure 6) . Furthermore, the nodes
process large data sets in parullel,
greatly reducing analysis time . Once

the task is completed, or the search
criteria change, the user can reconfig-
ure the FPGA to perform another task .

By adding memory and input/out-
put devices to the FPGAs, we build.
in fact, a reconfigurable computer
(RCC) . One system we have built for

an RCC-we called it POOKA-
combines genetic programming with
reconfigurable hardware and allows us

to build a truly optimized analysis
algorithm . How much speed can
POOKA bring to feature classification
tools such as GENIE? A lo' With a

small data set, new algorithms can be

obtained 1 0H0 times faster on POOKA

than on a conventional computer .
Once the system is trained, the opti-

Eyes in Spac e

Figure 5 . GENIE
GENIE is a compu ter program that develops pattern recognit ion algor i thms from a
limited body of ana l yst - supp l ied tra i n ing data . (a ) For a wa ter- find i ng task , an ana -
lyst tags pixe l s of interest ( water) in green and undes ired pixels ( anything but water)
in red . GENIE used this i n i tia l informat i on to evo l ve the mask shown i n ( b), wh i ch
inc l ude s all the water and nonwater in the i mage . The user is ab le to influence the

evo l ution of algo r ithms by prov id i ng add iti onal informat i on and by i nteract ively pro-
viding add it i onal tra i n i ng data .

FPGA board
Dat a

proc essed
in p ara llel N o d e
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F i gure 6 . Reconf i gurab le Computin g
The heart of a reconfigurab l e computer ( RCC) i s the fi e l d - programmable gate array
( FPGA ) circu i t board , whose function can be modified by software . The FPGA con -
sists of m illi ons of system gates , which are the basis for the reconf i gurable cells .
Each ce ll can be reconf i gured to perform a different l ow -leve l logi c function , such as
AND or OR . Many cells are g r ouped together into a node that pe rforms a comp lex
functi on , such as edge detect i on or spectral filte r ing . A genetic algo r ithm reconf i g -
ures the collect i on of nodes to create an opt i m i zed ana lys i s algorithm . The advan -
tage of the RCC is that many subtasks can be done in para ll e l . I nformation is a l so

p i pelined so that n ew data can start to be analyzed even as old data move through
the system . The RCC a llows us to do complex ana lysis tasks much faster and with
fa r less ha rdware tha n was previously possibl e .
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mized algorithm applied to a new data
se t run s 20 t i mes faster . POOKA i s so

fas t that w e ar e abl e t o se arc h in re al
time fo r features in vide o data

s t re am s, fo r ex ampl e, from a s ur ve il -

l a n ce cam e ra o n an unmann e d aerial
ve hi c le . Thu s, we can tr a in the a l go-

rithm to re cognize not j u s t spatial o r
s p ec tral fe atu res but al so features th a t
vary between v ideo fram es .

Th e abili ty t o coupl e a pr ocessor t o
a s enso r and o ptimi z e the proc essor t o

perform specific ta s k s has all owed u s
t o do multispectral analysis in rea l
time . Thi s a c hievem e nt h as revo lu -

tionized o ur s ur veillance capabiliti es
and has a lso opened up ama z in =
u pp o rtuniti es fo r b as i c researc h . ( Se e

th e b o x " G u [c ha ! You Blink e d !" on
page XX . )

Fund amenta l Space Sc i e nce
and As trophys ics

Fi gure 7 . X -Ray Map of M 31, the M i lky Way 's Neighbor
The X - Ray Mu l timirror M iss ion Obse r vato r y allows seei n g the And romeda ga l axy

( M31 ) in ( a) opt i cal li ght and ( b ) x -rays . A lthough the ear l y Ve l a x - ray i nstruments
cou ld not even detect M31 , the observatory i s so sensitive that it can resolve 600 x -

ray sources with i n that ga laxy. Most of these sources are rare double stars that con -
t ain a n e utron star or bla c k hol e .

enon . Collaborating with other institu-
tions, Los Alamos researchers fielded

inc reasin~ly sen s itive gamma-ray
detectors aboard the Pioneer Venus

lite viewed the entire sky with an

array of'relatively large detectors and
recorded hundreds of gamma-ray

bursts . The data clearly showed that

bursts came from all parts of the sky,
without any preference for the plane

of the Milky Way or for regions
around the Andromeda galaxy . The
likely explanation was that sources
were uniformly distributed throughout

the universe . That view was solidified
by the Italian-built BeppoSax satellite .
launched in 1996. Data from the satcl-

lite could be analyzed fast enough
(within 5 to 8 hours) that ground per-
sonnel could direct onboard x-ray

instruments to observe the source .
BeppoSax was the first to detect an x-
ray , .afterglow . . following a gamma-

ray burst . The x-ray data allowed

researchers to extract redshifts and
hence deduce a distance scale . Most
physicists now agree that the bursts
come from sources located billions of

light-years away .
Scientists are still searching for it

complete picture of how bursts are pro-

duced and are relying on data from the
latest generation of spacecraft . The

HETE-2 satellite, for example,
launchcd in 2(XX) with Los Alamo s

In 197 3, a L os A l a mos t eam Orbit e r (launched in 1978), the third

announced th a t the ~a m m a - r ay detec- Int e rn a ti onal Sun -Earth Expl o re r

tors aboard the fifth and sixth pairs of
Vela satellites had detected 16 very

intense "bursts" of celestial gamma
rays, each lasting about a minute but
consisting of a number of quick, sharp
pulses . The astounding feature of the

bursts was their unbelievable bright-
ness-often brighter than the rest of

the gamma-ray universe combined!
The~discovery of bursts immediately
raised two scientific questions : What
astrophysical sources could emit such

rapid, potent spikes of energy, and
where were those sources locatcd?
Because the intensity of light falls off

inversely as the square of the distance,
the questions were related . Cosmic
sourcrs located millions, or even bil-
lions, of light-years away would have

to emit orders of magnitude more
energy compared with a source locat-
ed within or near our galasy.

Theoreticians and experimentalists
at Los Alamos were extremely active
in trying to shed light on the phenom-

s pacecr af t I ISEE-3 , also laun ched in
19 781, and th e Gin g a l space c raft ,
which wa s l a un ched in 19 8 7 . But

be c au se of th e ir s mall s i ze, th ose
in s trument s were in se n s iti ve to all but
the lar ge s t burs t s . Be s ide s, th e in s t ru -

ment s had limited spatial reso luti o n ,
so d a ta h ad to be combined with that
fr o m o ther spa c ec raft to a llow acc u -
ra t e l y l oc atin g the burst in the sky.

Unfortunately, the initial data analy s i s
of ten took wee k s t o complete , far t oo
l on g t o permi t fu ll o w - up studies by

hi g h e r- reso luti on x - ra y and o ptical te l

esco pes . For man y year s, those defi-

ciencies limit ed the amount of inf o r-

mati o n available t o the gamma-ray

bur s t communi ty .
. Things bega n to c han ge in 1991 ,

after NASA l a un ched the C o mpto n

Gamma-Ray Ob se rv at ory . The s atel -

;The Ginga spacecraft derived its
name from the Japanese word for
galaxy
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instrumentation and software, process-
es burst data within tens of seconds . A

fast trigger on the gamma-ray detectors
quickly relays informalion to observers

worldwide about an event, which elic-
its fast responses from ground-based

robotic telescopes (such as the RAP-
TOR system discussed in the box

"Gotcha! You Blinked!"on page XX) .
Spectral information can be gathered
during the crucial first minutes of the

event, while the hurst is still happen-
ing . In December 2(x)3, NASA will
launch the Swift satellite . With its

enormous Burst Alert Telescope and
Los Alamos triggering and imaging
software . Swift will have an even

greater opportunity to locate and
observe hundreds of hurtits per year .

Gamma-ray bursts are but one area
of fundamental space research that was
advanced by Los Alamos instruments .
Another is in the tield of x-ray astrono-

my . This work started with a,imple
x-ray telescope that flew on the Vela
satellite, which although modest in size

and limited in performance, proved to
be exceedingly useful because it oper-
ated for more than 10 years . It allowed

us to do long-term studies of x-ray
binaries (peculiar double stars contain-
ing a black hole or neutron star) and
active galactic nuclei (supermassive

black holes at the center of galaxies) .
That telescope was the forebear of the

optical-ultraviolet monitor telescope
that we helped develop for the giant X-
Ray Multimirror Mission Ohservatory,
a satellite launched by the European

Space Agency in 1999 . The observato-
ry has studied the x-ray source popula-
tion in the Andromeda Galaxy, the

Milky Way's nearest large neighbor
(see Figure 7) .

Closer to home, research on the
near-space environment has been

extremely productive and has led to a
number of fundamental discoveries
about the sun's extended atmosphere,

the solar wind, and the interaction of
that atmosphere with the earth's mag-
netic field . Measurements by instru-

Gotcha! You Blinked !

Tom Vestrand

We take for granted that the stars in the night sky are stable from night to
night and year to year. But short-lived optical transients also populate the
heavens, such as the bright optical flash of January 23, 1999, that lasted about

90 seconds and reached an apparent magnitude in brightness of 9 . Estimated
to have originated at a distance of 10 billion light-years, it was the most lumi-
nous optical object ever measured by humankind . Unfortunately, witnessing
similar events is frustratingly difficult . The flashes are generally not preceded
by other events and are often over by the time we can train a telescope to the
right spot.

The solution i s to adapt
technology that is used to
fulfill our threat reduction
mission and couple optical
sen s ors to real - time proce s-
so rs . This procedu re has
allowed us to develop the
first of a new generation of
"smart" telescopes that can
locate, in real time, celestial
optical transients that come
and go in less than a minute

Our sky-monitoring system the earth was taken by RAPTOR . Two tele -
RAPTOR (for RAPid scopes , 38 km apart, took each I mage ( shown
Telescopes for Optical i n red a nd bl ue , respective l y)
Response) is best under- . Unli ke the di stant stars, the astero id pos ition
stoo d as an analogue of shifts from one teles c ope t o the ot he r.

human vision . The human
eye has a wide-field, low-
resolution imager (rod cells of the retina) as well as a narrow-field, high-reso-

lution imager (cone cells of the fovea) . Both eyes send image information to

a powerful real-time processor, the brain, running "software" for the detection
of interesting targets . When a target is identified, both eyes are rapidly turned
to place the target on the central fovea imager for detailed "fo l low-up" obser-

vations with color vision and higher spatial resolution . Because we have two
eyes viewing the same scene, we can eliminate such image faults as

"floaters" and extract distance information about objecGs in the scene .
Similarly, RAPTOR employs two primary telescope arrays that are separated
by a distance of 38 kilometers to provide stereoscopic imaging -. k I - 1 n, '\ .

Each telescope array has a wide-field imager and a central, narrow-field fovea
imager. Both arrays are coupled to a real-time data analysis system that can
identify transients in seconds . Instructions are then relayed to point the high-
resolution fovea telescopes at the transient .

The RAPTOR sky-monitoring system, which collected its first data in the
summer of 2002, will give astronomers the first unbiased global look at the
variability of the night sky on timescales as short as a fraction of a minute . It
has already imaged an asteroid approaching the earth (see the figure), which
stands out from the stars in its field because of the parallax (position shift)
between the images taken by the two telescopes .

Number 28 2 003 L.ns Almno s Sc ian r r I I
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Nea r Space a nd ENA Imaging

Jack Gosling and Geoff Reeve s

The near-space envi ronment is filled with magnetic fields
from the sun and the earth and , . i 11) solar wind (see Figure A) .
The solar wind is a magnetized plasma consisting primarily of
p rotons and electrons that flees the sun 's surface at supersonic
speeds . As an ionized gas, the bulk of the solar wind c annot
penetrate di rectly into the eart h 's magnetosphere and , there-
fore , must be divert ed around it . Because the solar wind flow
is supersonic , a bow shock stands off upstream of the earth to
cause the solar wind i- .I i\, ;i around the magnetosphere .

As a result of its interaction with the solar wind, the day side
of the earth's magnetosphere is compressed. Some of those
field lines, through the process of magnetic recombination,
become interconnected with the magnetic field carried by the

and excites pa rt icles in the upper atmosphere . The excited par-
ticle s then emit light that we see as auroras .

Los Alamos pioneered an effo rt to image and map the
eart h ' s entire magneto sphere at one time, a feat that will rev-
olutionize our understanding of this plasma environment . We
proposed our innovative imaging technique-known as ener-
getic neutral -atom (ENA) imaging-nearly 20 years ago,
demonstrated the principle in the 1990s, and have begun to
demonstrate its full potential in the last two years .

ENA imaging relies on the exchange of an electron between an
energetic ion and a cold neutral atom . Neutral atoms in space
are extremely rare, and they seldom collide with ions . Bu t

Magn etos ph ere

De fler.t ed s ola r

Sun

X

Bow shoc k

F i gure A . Magnet ic F ields and Solar W i nd in the Near-Space Env ironment

solar wind and are carried far past the earth . The result is a
long geomagnetic tail on the earth's dark side . Far down-
stream, the magnetic interconnection with the solar wind is
broken, and field lines can return to the earth . This enclosed
area within the geomagnetic tail is 'called the plasma sheet,
and it holds a relatively high density of captured and heated
solar-wind plasma . During geomagnetic disturbances, this
heated solar-wind plasma, along with plasma of ionospheric
origin that also resides in the geomagnetic tail, is further ener-
gized and accelerated toward the earth, where it collides wit h

12

Ve ry
dense
plasma
region
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! density
~ plasma
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dense
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when they do, the ion gives up its charge and breaks free from
the confines of the planetary or interplanetary magnetic fields.
Except for the weak effects of gravity, the neutral atom travels
in a straight line and can be imaged by a detector to "take a
picture" of the distant plasma .

We produced the first dynamic images of earth's magnetos-
phere in the 1990s, using a satellite-based instrument that was
originally designed to measure charged particles . In 2000,
NASA's IMAGE mission was launched with three types o f

L os Alamas Science Number 28 2003
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Figure B . ENA

I maging

(a) H ow wou l d t he m ag -
netosphere look i f seen
f rom a s ate llite 5 3 ,000
km above the ea r th ? The
earth is seen at th e c en -
ter, and the northern
po l a r ca p , w he re ENAs

are n ot produ ce d , is
seen as the b l ack , oval
s hape in the figure . An
asymmet ric ion r in g , the
r i ng cu rr en t , p roduces
br i gh t emissions ar ou n d
th e north a n d so ut h
polar cap s a s i t sweeps
a r ound th e ea rth . Ions i n

th e low-a lt itude "horns"
of the mag n e t ic f ie ld
li nes interact w i th t he
dense portion of the
a tmosphe r e . ( b ) Look e d
at from one d i recti on , the
ENA em ission s are an
Integral of a th r ee -dime n-
si ona l ( 3-D ) ion d ist r i b u -
tion con vol v ed wi th a 3- D
a tmosphe r ic di s tr i bu t i o n .
A mode l o f t h e infer r ed
equatorial dis tr i but ion Is
shown here .

ENA imagers (for high-, medium-, and low-energy
atoms), each fully optimized to image the magnetos-
phe re . shows what the magnetosphere would look like if you we re
on a satellite 53, 000 kilometers above the ea rt h . The ea rth is at the center, and
the black oval i ; is the northern polar cap, where no ENAs are produced .
An asymmetric ring of ions, known as the ring current, sweeps around the ea rt h
and produces bright emissions around the north and south polar cap, where ions
in the low-altitude "horns" of the magnetic field lines interact with the dense
po rtion of the atmosphere . When looked at from one direction, the ENA emis -
sions are an integral of a three-dimensional (3-D) ion dist ribution convolved
with a 3-D atmosphe ric distribution . Models of the magnetic field and the dis-
tribution of atmospheric neutrals can be used with these images to determine
the dist ribution of ions as a function of radius and local time . One such distribu -

tion is shown in ; ;, I ; i, .

The upcoming TWINS mission, which will be launched in 2003 and 2005, will
have two medium-energy ENA instruments on separate satellites . The stereo-
scopic data will allow us to create the tirst 3-D images of the magnetosphere .
The data will also help advance our understanding of "space weather ;" or the

variations in the plasma environment that can adversely affect, among other
things, satellite communications and operations, radio and television transmis-
sion, the power network, and even the safety of our astronauts in space .

m c nts on th e Vela satellites revealed

some o f the complexi ty o f the earth 's

magnetosphere and led directly t o our

discove ry o f the ea rt h 's pla s ma sheet,

a reg i on o f conce n trat ed plasma that

e xtend s far d own s t re am on the ni g ht

s ide of Ea rth (se e the box " Nea r- E ar th

Space a n d ENA lm ag ing" on page

XX ) . Other mea surem e nt s by L os

Alam os in s trument s on Ve la led t o the

di scove ry that the sun o ft e n impul s ive-

ly eje c t s lar ge amounts of material int o

interp l aneta ry space , which h ave come

t o be known as "co ronal ma ss eje c-

ti o n s" . Los Alam os work in the early

1990s reve aled that these ejec ti o ns,

and n o t so lar tla res, a re the prime

cause o f ► naj or so l ar wind di sturbance s

and large geoma g n e ti c storms .

The considerable success of th e

early Vela mea s ur ement s prompt e d

NASA to use Los Alam os pla s ma sen-

sors on a series of satellites l aunched

in the early 19 70s . That wa s the

b eg inning o f a l o n g and fruitful col-

laboration between our tw o in s titu -

ti o n s t o s tudy the near-space environ-

ment, a co llaborati on that continues t o

th e p rese nt . Our in s trum ents have

sampl ed all the diffe rent regi o ns of

the earth 's mag net os phere and have

explored the so lar wind in co n s ider -

able detail . Fi g ure 8 sh ow s th e so lar

wind speed as a fun c ti o n o f so lar lati -

tude . The data wa s obtained by L os

Alam os in s trum e nt a ti o n on the

Uly sses s pacec ra ft , a j o int endeav o r

between NASA and the European

Space Age n cy . Uly sse s was launched

t oward Jupiter fr om the space shuttle

Discovery in O c t ober 1990 . The g iant

plan et 's g ra v itati onal lielcl d e flec t e d

the c r aft out of the ec lipti c ❑nd into a

5 . 5 -yeu r - l o ng o rbit over the poles of

the sun . It i s th e fir st - e ve r polar orbit

o f the sun by a manmad e object .

Ulysse s i s n ow nearin g completion

o f it s seco nd trip over the s un , durin g

whi c h time the l 1 - year so lar- activ ity

cyc le rose a nd peaked . As a po inted

reminde r o f the vari ability o f our local

environment, th e relatively o rg ani z ed
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have helped us construct models of
basic astrophysical plasma processes .
Magnetic reconnectiun, for example,

is a restructuring of a plasma's mag-
netic field, in which field lines orient-

ed in opposite directions break and
reconnect to each other with a subse-
quent release of stored magnrtir ener-

gy . Magnetic recomhination, which
has been evoked as the likely power
source for the acceleration of rharged

particles into space during solar activ-
ity, is also believed to power the rela-
tivistic jets of matter that shoot out

from quasars . Although mugnrtir
reconnection cannol he studied direct-

ly from a quasar located billions of
light-years away, our own near-space
environment provides us with a

remarkable laboratory to understand
the phenomenon .

Epilogue

F i gu re 8 . Solar- W ind Speed as a Fun c tion o f Sola r Latitude
A pol ar plot of the so l ar -w i nd speed as a function of sola r l atitude was measured by
Los A l amos p l asma detectors on Ulysses . The speed tr ace is c o lor- coded accord i ng
to the observed po l ari ty of the i nterp l anetary magnetic field ( IMF) that threads the
he li osphere . Underlying the speed trace is a set of concentric i mages of the solar
corona , the source of the so lar w i nd , obta ined from a comb i nat i on of space and
ground-based telescopes . A str i king aspect of the plot is the h i gh and nearly con -
stant speed of the so l ar wind , outward i n the northern hemisphere and i nward i n the
southern hemisphere , observed at h i gh he l iograph i c latitudes throughout the orb i t.
This h i gh - speed wi n d originates from re l at i vely dark regions in the so l ar atmos -
phere known as coronal holes . Low-speed w i nd or i g i nates in the br i ght corona l
streamers prevalent at l ow solar latitudes at this phase of the solar cycle . The alter-
nating flows at low lat i tudes reflect the fact that the so lar magnetic d i pole had a s i z-
abl e (20 ° to 30 °) t il t relative to the solar rotation ax is during the i nterva l shown , and
as the sun rotated with a per i od of 25 days , a lternat i ng h i gh and l ow- speed flows
were direc ted toward Ulysses .

nature of the solar wind measured
during the first orbit (refer to Figure
8) was noticeably more complex on

this second pass . This change was due
to the considerably more complex

nature of the sun's magnetic field and
corona and the increased number of
solar wind disturbances produced by

so lar ac ti v i ty at thi s time .

Nea r-s pace research has co n -

tribut e d subs tantially to a fund a men-

t a l und e rs tanding of, am o n g o th er
thin gs, m agnetic reconne c ti o n , colli -
s i onless-shock formati o n , and
charged particle acceleration a nd
tran s p o rt . The se phen omena, in turn ,

As the Laboratory celebrates
60 years of serving society, it also cel-

ebrates 40 years in space. In those
40 years, we have strengthened the
national security with sensor and pro-
cessing systems and used the same
capabilities to explore our world from
the earth outward to the early uni-
verse . With each generation of nuclear
detection sensors, we do more with
less, drivin'o our systems into progres-
sively smaller but more capable pach-
ages, thanks to advances in onhoard
event detection, device miniaturiza-
tion, and background processing . The
curve of performance shows no sign
of turning over . As a result, we are
confident of many more discoveries in
the decades to come . ■

For more in fo rmatio n , p l ease vis i t
www .lanl .gov/orgs/nis/ .
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Geochemical Studies of the Moon and Planet s

Bill Feldma n

An iwtorouth af the space-based Treaty

Verification and Proliferation Detection

Prorrams at Los Alamos was the tield-

ing uf expenments to determine the ele-

mental composition of the moon and

Mars . Our instruments, which included

neutrun, gamma-ray, and alpha-particle

spertrumeters, tlew aboard the NASA-

sponsored Lunar Prospector and Mars

Odyssey missions and were tailored into

a small package to meet the scientific

objectives of these missions .

All fuur Los Alamos experiments

aboard the Lunar Prospector mission

were extremely successful .

Measurements made with the neutron

and gamma-ray spectrometers were

used to provide the first global maps of

the seven most abundant rock-forming

elements (oxygen, magnesium, alu-
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m inu m, s il icon, ra l ci u m, ti t an i um, a n d

i ron), th e tr ace radioactive e l em e nt s tho-

rium uc I cr Il+ I i-nrr \ I'li I11LIiiu i ii' .

, l i .nilainou Ui '3 ni -

um, a n d pu t assium, and the minor e le-

me nt s h ydrogen, ~ado li n i um, and

sam ar i um . T his combined pac kage of

i nstrum e nt atio n ma rk ed th e first ap p l i -

cati o n of n e utro n s pec t rosco p y to pl ane-

ta ry expl o r a ti o n .

A highlight that emerged from our data

is that a uniyue, thorium-rich geochemi-

eal province exists on the earth-fucing

side of the moon . Heat from the decay

of radioactive elements is no doubt

responsible for the iron-rich basalt flows

that give the moon its black-splotched

appearance . Another landmark success

of these experiments was the discovery

of water-ice deposits that reside withi n

-0 . 3 0 9 2 1 33 4 5 5 7 6 . 9 8 . 1 9 .310 . 511 . 7

Figure A . Global Map of Thorium Abundance on the Moo n
The spatial distribution of thorium looks asyrnn,etnc, being strongly concentrated in
a single province on the Earth-facing side of the moon . This province witnessed

much of the volcanism that has distributed large quantities of basalt filling many of
the large - impact basins , which are also concentrated on the Earth-facing side of the
Moon .

the permanently shadiiwed craters near

both lunar poles. Impacting asterciids,

comets, and interplanetary dust grains

were most likely responsible for deliver-

ing the water to the moon . In addilian,

using the alpha-particle spectrometer,

we detected radon and its daughters that

escape from vents in the lunar crust .

Our experimental results help unravel

the origin and evolution uf the moon

and tihow the existence and locations of

lunar resources that could be used to

support the manned exploration c>fthesr

bodies .

First returns from the Los Alamos neu-

tron spectrometer aboard Mars Odyssey

have proved the power uf ncutrun spec-

troscopy to map the vulatile invcntory

of nearly airless planetary hudies. We

have discovered that a vast region of

Mars south of -60° latitude is rich in

buried w,ltef ice . I ~ :~w,I .

Although water ice has been predicted

to be stable at these cold Martian lati-

tudes, we were surprised by the extent

and richness of this deposit (up t o

50 percent water ice by mass) . Initial

data were taken during the southern late

summer and early fall, when the south-

ern cap is smallest, and our analysis

clearly shows that the residual siiuth

polar cap of Mars is permanently cov-

ered by dry ice---or frozen carbon diox-

ide (CO,) . A much more extensive dry-

ice cap covers the northern regiom, pole-

ward of about 55°, which was in the

grip of late w inter and early spring . As

time went on and the sun returned to the

north, the northern cap shrank and the

southern cap grew, as CO, evapcirated

and preripitated, respectively . This

exchange of CO, between the Martian

poles is a major d riving force for Mars'

atmospheric circulation, and a factor i n
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Figure B . Lower -Bound Estimates of Water Abundance on Mars
(a) The top map at midlatitudes is given in cylindrical projection . Contours of topography at the -2 . 5 km , 0 km , +6 km and +10
km are superimposed on the cylindrical map . (bci The lower left and right map, il i~3~~tudes poiew,3rd of ,45 and 11) respIlc
tively . are given in srercoyraphic prolecl!on Contours outlining the extent of the water-ice polar cap in the north are superim -
posed on the st e r eog raph i c map i n (b) and those outlining the residual cap (white line) and layered terrain (black line) in the
south a r e shown in (c) .

the long-term climate variability on

Mars (which is also driven by the

changing obliyuity, eccentricity, and

perihelion of the Martian orbit) . The

shrinking north polar dry-ice cap reveals

a basement as rich in water ice as that in

the southern cap .

Future work for our group includes the

development of a neutron speetrometer,

to be launched to Mercury in 2104, and

a combined neutron and gamma-ray

spectrnmeter, which is scheduled for

launch in ?(l)h for a rendezvous with

the astcroids Ve ;ta and Ceres .
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