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Energetic neutral atom imaging of space plasmas
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Experimental techniques and instrumentation for space plasma imaging in fluxes of energetic
neutral atoms~ENAs! are reviewed. ENAs are born in charge exchange collisions between space
plasma energetic ions and background neutral gas. ENAs are ubiquitous in the space environment
and their energies are in the range from a few eV up to.100 keV. Contrary to charged particles,
ENAs can travel large distances through space with minimal disturbance, and by recording ENA
fluxes as a function of observational direction, one can reconstruct a global image of a planetary
magnetosphere or the heliosphere. Plasma ion energy distribution and ion composition can be
remotely established by measuring ENA energies and masses. ENA imaging opens a new window
on various phenomena in space plasmas with a promise to qualitatively improve our understanding
of global magnetospheric and heliospheric processes. At first we review ENA fluxes in space and
their properties, and present a brief history of ENA experimental studies and the evolution of
experimental approaches. The concepts of ENA imaging and particle identification are considered
and followed by comparison with corpuscular diagnostics of fusion plasmas. Basic ENA techniques
and instrument components are then described in detail and critically evaluated; performance
characteristics, limitations, and requirements to key instrumental elements are discussed. And
finally, representative ENA instruments are shown, and promising instrumental approaches are
identified. © 1997 American Institute of Physics.@S0034-6748~97!02810-4#
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I. INTRODUCTION

In the beginning of the space age, in the 1950s and e
1960s, many space experiments were simply an extensio
the measurements performed in the physics laboratory
though under very unusual conditions of spacecraft. Sev
limitations of available power, requirements of small ma
and size, remote control and data acquisition through lim
telemetry called for new approaches to designing and bu
ing space instruments. An emphasis on reliability—one c
not go and replace a fuse or correct axis alignment o
spacecraft in orbit—was another important new requirem
Space experiments were initially considered by many in
physics community as an unconventional application of s
plified laboratory techniques.~As Samuel Johnson put it, ‘‘A
horse that can count to ten is a wonderful horse, not a w
derful mathematician.’’! However with time, space instru
ments evolved into a highly specialized area of scient
instrumentation pioneering new measurement techniques
leading instrument development in such areas as plasma
lyzers, particle- and photon-counting position-sensitive
tectors, and many others. In this article we review a n
emerging field of space experiments and instrumentat
imaging of space plasmas in fluxes of energetic neutral
oms.

The interaction between charged and neutral particle
a common phenomenon in space plasmas. Whenever a
ergetic ion undergoes a charge exchange process in a
sion with a neutral background atom, an energetic neu
atom~ENA! is born. Ion-electron recombination and neut
Rev. Sci. Instrum. 68 (10), October 1997 0034-6748/97/68(10)/361
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atom acceleration by the solar gravitation may also cont
ute to an ENA population under certain conditions. EN
are ubiquitous in space environment and their study ope
new window on various phenomena in space plasmas wi
promise to qualitatively improve our understanding of glob
magnetospheric and heliospheric processes. However E
have remained poorly explored due to enormous experim
tal difficulties.

ENAs, contrary to charged particles, can travel large d
tances through space with minimal changes without und
going further interaction with plasma. ENA measureme
are recognized as a powerful tool to remotely study vario
global plasma objects in space.1–12 By recording ENA fluxes
as a function of observational direction, one can reconstru
global image of the object of interest, thus the term ‘‘EN
imaging,’’ first introduced in 1984 for imaging from
outside13 and from inside14 of the magnetosphere. Plasma io
energy distribution and ion composition can be remotely
tablished by measuring ENA energies and masses. ENA
aging usually means not only determining ENA flux angu
distribution but also ENA energies and masses. An EN
imaging experiment would ideally produce a set of images
a plasma object in ENAs of different masses and in differ
energy ranges.

Protons are the most abundant component of sp
plasma ions. Unlike other space plasma ions~e.g., He1 and
O1!, protons cannot be imaged optically, which mak
ENAs in many cases the only tool to study processes
interest remotely. The definition of an ‘‘energetic’’ partic
36177/40/$10.00 © 1997 American Institute of Physics
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was originally limited by a minimum energy of several ke
but new experimental techniques have significantly lowe
the energy threshold. For the purpose of this article,
ENAs occupy the energy range from few eV up to seve
hundred keV.

Any object that contains energetic ions and backgrou
neutral gas can be imaged in ENA fluxes. Important
amples are planetary magnetospheres and the heliosp
~The heliosphere, the region containing expanding so
wind plasma, is about 200 AU in size; 1 AU51 astronomi-
cal unit51.531013 cm is the distance between the earth a
the sun.! Planetary magnetospheres are filled with plas
and the solar wind plasma fills interplanetary space in
heliosphere. Being far from thermodynamic equilibriu
space plasmas are characterized by wildly varying pop
tions of energetic ions. Neutral atom background around
Earth is provided by the terrestrial exosphere that conta
escaping hydrogen atoms;15–17 the extended hydrogen geo
corona was observed and measured many times.18,19

The presence of a global population of neutral atoms
interplanetary space is less known. The interstellar gas f
the local interstellar medium~LISM! permeates the helio
sphere. If one excludes the sun, planets, and other cele
bodies, then 98%–99% of the mass of matter filling the
liosphere is represented by neutral atoms with only the
maining 1%–2% of matter being plasma.10 Outside the he-
liosphere, interstellar space is filled by dilute interstellar g
with varying degrees of ionization. Hence ENAs are born
the planetary environment and in interplanetary and inters
lar space as well.

Almost 3 decades of instrument development made E
imaging of space plasmas possible: the phase of prac
implementation has been finally achieved. Simple ENA
struments were recently flown on GEOTAIL,20 CRRES,21

and ASTRID22,23 missions around the Earth. A sophisticat
first large size ENA camera will perform imaging of th
Saturn’s magnetosphere on the Cassini mission to
launched in October 1997.24 A dedicated space mission t
globally image the terrestrial magnetosphere was studied
several years.25–27 A medium-class explorer~MIDEX ! mis-
sion IMAGE was recently selected by NASA to perfor
such imaging; it is presently under preparation for launch
January, 2000. Another ENA experiment ISENA28 was un-
fortunately lost with the SAC-B spacecraft during launch
October 1996. A number of other experiments to image pl
etary magnetospheres and the heliosphere have been
posed and are currently at different stages of developme

ENA images and their evolution in time promise
breakthrough in the understanding of fundamental glo
processes in space. Conventionalin situ measurements o
local plasma parameters are inherently limited in their ca
bilities. Some plasma regions of interest are too far away
be conveniently visited by spacecraft. For example, only
mote observations are capable of providing continuous m
toring of the time-varying size and shape of the glob
heliosphere.6–9,29

Experimental studies of planetary magnetospheres
difficulties of another kind. The measurements of magne
spheric plasma are performed from fast moving~2–9 km/s!
3618 Rev. Sci. Instrum., Vol. 68, No. 10, October 1997
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spacecraft, and they cannot unambiguously distinguish
tween temporal and spatial variations of plasm
parameters.1,5 Consequently even the simultaneous measu
ments from several spacecraft are inherently insufficient
reconstruction of complex global magnetospheric proces
and require heavy reliance on often simplified and inco
plete models.

Accurate understanding of the global magnetosphe
processes has become especially important with the grow
realization of possible adverse effects of space environm
on many technological systems, both on the ground and
space. Communications, TV broadcasting, world-wide na
gation, and national security applications that include
vance warning, reconnaissance, and nonproliferation com
ance monitoring, are increasingly dependent on spa
deployed technical assets. Our ability of predicting t
magnetospheric conditions, especially during geomagn
storms, remains disappointing.30 NASA, the Air Force, and
National Oceanic and Atmospheric Administration~NOAA!
are currently working to establish a national space wea
service.31,32

Although first dedicated direct ENA measurements w
attempted in the late 1960s, enormous experimental diffic
ties prevented detailed study of ENAs. ENA fluxes are ve
weak, sometimes,1 cm22 s21, and the realistic approach t
their direct detection is based on particle interaction w
solid surfaces, e.g., electron emission. Ultraviolet~UV! and
extreme ultraviolet~EUV! photons interact with surfaces o
ten in a similar way, and the background EUV/UV photo
fluxes are 3–7 orders of magnitude higher than those
ENAs. Therefore background photon-induced count rate o
conventional secondary electron multiplier would be 2–6
ders of magnitude higher than the ENA count rate. Su
inhospitable conditions make ENA measurement an exc
tionally challenging task.

There are similarities and there are essential differen
between corpuscular diagnostics of hot plasmas in the la
ratory and ENA diagnostics of space plasmas. Neutral a
emissions from magnetically confined fusion plasmas w
used efficiently to determine plasma ion temperature.33–36

The photon-to-ENA ratios in space are not unlike those fr
fusion plasmas. An important difference between conditio
in space and those in the laboratory is that fusion plas
processes are of relatively short duration,,1 – 10 s, with
high ENA fluxes, while ENA fluxes are very low in spac
but it is possible to accumulate the signal much longer.
example, the desired temporal resolution for study of imp
tant magnetospheric ring current is in the 5–15 min ran
The fusion plasmas have become ‘‘ENA-thick’’ with the in
creasing density, which limits passive corpuscular diagn
tics to the study of the plasma edges. In space, the object
usually ‘‘ENA-thin,’’ and ENAs can travel large distance
without much disturbance.

The goal of this article is to review and critically evalu
ate experimental techniques and instrumentation for spa
plasma imaging in ENA fluxes, covering the energy rang
from a few eV up to.100 keV. ENA instrumentation was
traditionally divided into two groups corresponding
‘‘high’’ and ‘‘low’’ energies with a new ‘‘ultralow’’ energy
Neutral atom imaging
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group emerging.~Due to the lack of a better phrase we w
be using hereafter such awkward terms as ‘‘low-ene
ENA’’ and ‘‘high-energy ENA.’’! The division between
high- and low-energy ENAs, although never clearly defin
results from use of different approaches and instrument c
ponents for suppression of EUV/UV radiation. For examp
solid state detectors and thin-film filters are used in hi
energy ENA instruments, while many other componen
such as ultrathin foils and microchannel plate detectors,
common for both groups. ENA instruments employ ma
approaches and techniques widely used in space ion an
ers which is an exceptionally developed and advanced
of space instrumentation;37–49 the ion analyzers are beyon
the scope of this article.

At first we review ENA fluxes in space and their pro
erties, and present a brief history of ENA experimental stu
and the evolution of experimental approaches. The conc
of ENA imaging and particle identification are consider
and followed by comparison with corpuscular diagnostics
fusion plasmas. Basic ENA techniques and instrument c
ponents are then described in detail and critically evalua
performance characteristics, limitations, and requirement
key instrumental elements are discussed. And finally, re
sentative ENA instruments are shown and promising n
approaches and developments are identified.

II. ENAS IN SPACE

A. Charge exchange collisions

ENA fluxes come from different ion populations wit
different compositions, flux levels, and energy, spatial, a
temporal dependencies. ENAs are formed in charge
change collisions~Fig. 1! between energetic plasma ions a
neutral gas atoms

I 1
11A2→A11I 2

1 ,

where I 1
1 is an ion of species ‘‘1’’ andA2 is an atom of

species ‘‘2.’’ Species ‘‘1’’ and ‘‘2’’ may be identical~e.g.,
H11H→H1H1!, and a simultaneous exchange of two ele
trons is possible (He111He→He1He11). The initial ve-
locity of an energetic particle is only slightly changed in
charge exchange collision.50 Proton–hydrogen charge
exchange collisions are often the most important proces
space plasma: they occur at large impact parameters
only a small momentum exchange between collision p
ners. For many practically important applications ENAs c
be assumed to be born exactly with the ion momentum.

FIG. 1. Charge exchange collision between an energetic plasma ion a
neutral gas atom;I 1

1 is an ion of species ‘‘1’’ andA2 is an atom of species
‘‘2.’’
Rev. Sci. Instrum., Vol. 68, No. 10, October 1997
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After the birth of an ENA, its trajectory is defined by th
initial velocity and gravitational forces only. With a few ex
ceptions, gravitation can be disregarded, and one can ass
that the ENA preserves both the direction and magnitude
the energetic ion velocity before the charge-exchange c
sion. As ENAs travel in space, they may be lost in cha
exchange, electron collisions, and photoionization.

Only few species are important for ENA formation
Neutral gas in the heliosphere consists of hydrog
(;90%) and helium (;10%) atoms. Atomic hydrogen
dominates the neutral particle environment around the e
from an altitude of 600 km and a few thousands km dur
periods of minimum and maximum solar activity, respe
tively. Other important neutral species around the earth
helium and oxygen atoms. Magnetospheric plasma cons
mostly of protons with some helium, oxygen, and sulf
~found at Jupiter! ions. The protons are the major compone
of the interstellar and solar wind plasmas; the latter conta
also;5% of double-charged helium ions~alpha particles!.

Charge exchange cross sections important for ENA p
duction are readily available.51 A cross section energy de
pendence for proton charge exchange on hydrogen and
lium atoms is shown in Fig. 2. The difference in cro
sections reflects the fact that charge exchange is of a r
nance type for proton–hydrogen collisions and requires ov
coming an energy threshold in proton–helium collision
Since the background neutral hydrogen is usually much m
abundant than helium, the charge exchange on hydroge
oms would dominate hydrogen ENA production for energ
,10– 100 keV. The charge exchange on helium may
come however important for energies.100 keV.

The ENA measurements would allow one to study t
ion population if neutral gas parameters are known, and c
versely the neutral atom population characteristics could
obtained if the ion parameters are known. Some informat
is usually available on both the ions and neutral gas,
often we have a relatively good knowledge of only one co
ponent, for example neutral particle environment around
earth. Let us consider now the sources of major magn
spheric and heliospheric ENA fluxes.

a

FIG. 2. Cross section energy dependence for proton charge exchang
hydrogen and helium atoms.
3619Neutral atom imaging



ped charged
FIG. 3. Planet’s magnetic field dominates the magnetosphere and traps charged particles, which may be accelerated up to very high energies. Trap
particles gyrate about magnetic field lines, participate in drift motion, and form radiation belts.~After Ref. 52.!
in
ld
e
n
n
s
et
an

u
so
i

a
o
s-
n

ss

e
ted

h
r
im-
arth
ally
ere.
u-

ect

a
re.
ith
n-
tic
c-
on
to

field
eo-
e.

and
ize,

to
ari-

e
eric
ost
nt
by

sur-
the

a-

h’s
he
B. Magnetospheric ENAs

Magnetospheres are objects formed by the solar w
plasma flow around planets with intrinsic magnetic fie
~Mercury, Earth, Jupiter, Saturn, Uranus, and Neptun!.
Magnetic field presents an obstacle for the highly superso
solar wind plasma flow, and a bow shock is formed in fro
of the planet. The size and shape of the magnetosphere
determined by the strength and orientation of the magn
field, which is usually compressed at the sunward side
significantly stretched at the nightside~magnetospheric tail!.
Planets without intrinsic magnetic field~Venus, Mars, and
Moon! may sometime form magnetospherelike plasma str
tures around the upper atmospheres that are ionized by
EUV and x-ray radiation. The earth’s magnetic field dom
nates the terrestrial magnetosphere and efficiently tr
charged particles~Fig. 3!, which may be accelerated up t
very high energies.52 The ionospheric and solar wind pla
mas find a way to leak and fill the magnetosphere with io
and electrons.

Various aspects of magnetospheric physics are discu

FIG. 4. Three-dimensional cutaway view of the terrestrial magnetosp
showing various currents, fields, and plasma regions.~After Ref. 197.!
3620 Rev. Sci. Instrum., Vol. 68, No. 10, October 1997
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in a number of publications.53–68The earth’s magnetospher
is shown schematically in Fig. 4. The bow shock is loca
approximately at the distance of 12– 18RE ~RE'6370 km is
the earth’s radius!. A long magnetospheric tail may stretc
far beyond the Moon’s orbit (;380 000 km) in the antisola
direction. Processes in the magnetospheric tail play an
portant role in transport of energized plasma toward the e
during magnetospheric disturbances. The orbits of practic
all earth-orbiting satellites are inside the magnetosph
Low-earth orbits are those with altitudes below a few tho
sand km. A large number of communications and dir
broadcasting satellites are at geosynchronous~geostationary!
orbit with a one-day period. This orbit is at approximately
36 000 km altitude which is well within the magnetosphe

A magnetosphere is a very complicated object w
plasma parameters varying wildly from one region to a
other. Solar wind carries frozen-in interplanetary magne
field, about;5 nT near the earth, which changes its dire
tion occasionally. Interplanetary magnetic field interacti
with the geomagnetic field is important for energy transfer
the magnetosphere. Many processes involving magnetic
occur in the boundary region between the plasma of the g
spheric origin and the solar wind plasma, the geopaus67

The geopause is at a geocentric distance of;10RE on the
upstream side. Variations of the solar wind pressure
magnetic field result in change of the magnetosphere’s s
shape, electric current patterns, and ion flows and lead
energization of electrons and ions and development of v
ous instabilities.53,58,69

The solar-terrestrial link through the interaction of th
solar wind with the magnetosphere makes magnetosph
conditions strongly dependent on the solar activity. The m
prominent manifestation of this link is large nonrecurre
geomagnetic storms, which are believed to be triggered
relatively dense clouds of plasma ejected from the solar
face, the so called coronal mass ejections, impinging on
magnetosphere.70–76 A magnetospheric storm is accomp
nied by an increase of a ring current,5,69,77,78which produces
perturbations up to 1% of the magnetic field at the eart

re
Neutral atom imaging
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surface. The ring current is an electric current flowing arou
the earth due to the presence of energetic ions in the m
netosphere; its decay occurs largely through charge exch
on background neutral atoms resulting in production of EN
fluxes.69,77,79

Magnetospheres of other planets have been studied
flyby spacecraft~Mercury, Jupiter, Saturn, and Uranus!, in
some cases~Venus and Mars! by orbiters and landers, and b
astronomical observations and radio emission detect
from earth. There are detailed descriptions of the magn
spheres of Mercury,80–82 Venus,81,83 Mars,81,84 Jupiter,85,86

Saturn,87 and Uranus.88 The magnetosphere of Jupiter is cu
rently being explored by the Galileo orbiter, and the ma
netosphere of Saturn will be studied by the forthcom
Cassini mission.

The emphasis of the study of the terrestrial magne
sphere has shifted from discovering the new magnetosph
features to attempts to explain how the magnetosph
works. Such shift is driven not only by the maturing of th
field but by the practical requirements as well. An importa
goal is to construct a magnetosphere model that will prov
capabilities of predicting magnetosphere’s behavior in
sponse to solar disturbances, in particular characteristic
geomagnetic storms and substorms. Although a clear un
standing of the relation between the disturbed space wea
conditions and adverse effects on various technological
tems has yet to be achieved,71,89,90 significantly improved
knowledge of geomagnetic storm processes is needed to
ter understand and to reduce storm-related damage.

On the ground, major magnetospheric disturban
cause changes in the geomagnetic field, which in turn lea
the induction currents in long conductors.91 Effects of geo-
magnetic disturbances include disruptions of cable com
nications, which were observed in telegraph lines since
middle of the 19th century;91,92 interference with naviga-
tional systems such as LORAN and OMEGA and hig
frequency~HF! and ultrahigh frequency~UHF! communica-
tions; various effects~leading to blackouts of large areas! on
power distribution systems;93 corrosion of pipelines;94,95 and
interference in high-resolution global positioning syste
~GPS! technology. Magnetospheric storms significantly
crease precipitation of energetic particles, which poses he
hazards to airline crews and passengers at high altitude
polar routes; the crews of high-altitude reconnaissa
planes may also be affected.

In space, magnetospheric disturbances damage an
duce lifetime of satellites,96,97 both at low-earth and geosyn
chronous orbits. In particular, excessive charging of spa
craft surfaces may cause irreparable damage to s
systems.98,99 Major geomagnetic storms lead to heating a
expansion of the upper atmosphere. The atmospheric ex
sion may lead to a significant increase of atmospheric d
on low-altitude satellites and cause their premature reen
Establishment of a national space weather service requ
significantly improved understanding of adverse effects
the disturbed space weather conditions on technolog
systems89,90,97as well as capabilities of advance warning a
storm prediction.30–32

Plasmas in different regions of the terrestrial magne
Rev. Sci. Instrum., Vol. 68, No. 10, October 1997
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sphere, radiation belts, cusps, plasmasphere, magnetosh
plasma mantle, plasma sheet, and polar wind, are chara
ized by widely varying parameters, and these regions
tively interact with each other. For example, magnetoshe
plasma has temperatures of 0.1–1 keV, proton energie
the magnetospheric tail proton streams are 10–100 eV, w
ions in the ring current have energies between few hundr
eV up to hundreds of keV. The macroscale characteristic
the magnetospheric regions and their boundaries and
they interact to define global characteristics of the magne
sphere are not well known5,100 resulting in a long list of
unanswered specific questions.101

The uppermost part of a planetary atmosphere,
exosphere,15–17 provides neutral collision partners for ENA
production. The exospheric hydrogen atom population w
extensively studied around earth by the Dynamic Explo
~DE-1! satellite.102,103 The number density distribution
which can be assumed to be spherically symmetric clos
the earth, is shown in Fig. 5.102 At larger geocentric dis-
tances, solar radiation pressure~in resonance hydrogen HI
Ly-a line, 1216 Å! would produce an asymmetry of hydro
gen spatial distribution.104 Abundant background neutral ga
can be found in the magnetospheres of other planets
well.105

The composition of magnetospheric ENAs is largely d
termined by the composition of energetic ions. Hydrog
~H!, helium~He!, and oxygen~O! ENAs have been identified
by the first experimental ENA composition measurement
the terrestrial magnetosphere.106 One expects to find also su
fur ~S! ENAs in Jupiter’s magnetosphere~sulfur is abundant
in the plasma torus as a result of volcanic activity on Ju
ter’s moon Io!.

Extensive computer modeling1,2,5,79,107–118predicts mag-
netospheric ENA fluxes escaping the earth’s magnetosp
outward in the range 0.01– 10 cm22 s21 sr21 keV21. For ex-
ample, the ENA flux at 40 keV energy is;102

3(d/RE)2 cm22 s21 keV21 at large distance,d, from the

FIG. 5. Radial profile of the spherically symmetric geocoronal hydrog
number density.~After Ref. 102.!
3621Neutral atom imaging



-

er

e
-

ng
e
-
t
-
d
ng
at
al
as

os
th
ns
ric

ld
a

lly
the

that
the
e

-
tion
pre-
as

ted
f
lar
s
g-
a

ex-
the

ust
the
ries

so-
etic

of
the

the
he-

the
ntal
ere.
yet
ple
n-

the

e
im
, s

r-
earth.5 A typical angular resolution in ENA imaging instru
ments ~an angular size of imaging pixels! is 5°35°'8
31023 sr, or smaller, and the expected magnetosph
fluxes are in the range 1024– 1021 cm22 s21 keV21 per
pixel.

An important type of ENAs can precipitate toward th
earth surface,118–123 for example ENAs born in charge ex
change of ring current ions~Fig. 6!. The ENAs may reach
low altitudes where they are re-ionized by charge excha
and newly born energetic ions are trapped by the magn
field.124 The precipitating ENAs can be studied from low
earth orbit spacecraft and were recently measured by
CRRES21,125 and ASTRID22,23,118satellites. The characteris
tics of precipitating ENAs are important for verification an
testing of our theories of nocturnal thermospheric heati
low latitude aurorae, formation of a low-altitude ion belt
low latitudes, particle precipitation, and escaping neutr
The precipitating ENA fluxes may be as high
104 cm22 s21 sr21 keV21.28,111,121

The measurements of precipitating ENA fluxes are p
sible only at altitudes higher than a certain level where
effect of collisions with ionospheric and atmospheric io
and neutrals is minimal. The collisions with atmosphe
neutrals are the most important limitation,123 and the com-
puter simulations123 showed that ENA measurements wou
be possible during solar maximum at altitudes higher th

FIG. 6. ENAs produced in charge exchange of ring current ions. The n
trals travel on straight line trajectories, mostly outwards, but a fraction
pinges on the upper atmosphere, and depending on species and energy
will then re-ionize, and near the equator become temporarily trapped.~After
Ref. 120.!
3622 Rev. Sci. Instrum., Vol. 68, No. 10, October 1997
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600–700 km with less than 10% of ENAs affected. Actua
the disturbance of ENA fluxes would be smaller since
effect of the collisions in the computer simulation123 was
overstated: the scattering angles of most of the ENAs
experienced an elastic collision would be smaller than
angular resolution of an ENA instrument. In addition, som
elastic collision cross sections126 were calculated in the an
gular range where the elastic scattering model assump
was not valid. One can expect that the measurements of
cipitating ENAs would be possible at altitudes as low
500–600 km.

C. Heliospheric ENAs

The interaction between the sun and LISM is manifes
by the buildup of a heliosphere.127–131The sun is a source o
the highly supersonic flow of plasma called the so
wind.132–135 Solar wind expands into the LISM which i
filled with partially ionized interstellar gas, interstellar ma
netic field, and cosmic rays. The LISM is a medium with
small but finite pressure. The dynamic pressure of the
panding solar wind flow decreases with distance from
sun, and at a certain distance the solar wind expansion m
be stopped. The cavity containing the solar wind is called
heliosphere. The dynamic pressure of the solar wind va
by a factor of 2 during the 11-year solar cycle,136 thus result-
ing in variations of the size and shape~heliosphere ‘‘breath-
ing’’ ! of the heliosphere.136,137

The heliosphere is a complicated phenomenon where
lar wind and interstellar plasmas, interstellar gas, magn
field, and cosmic rays play prominent roles. The structure
the heliosphere and its boundary, as well as properties of
LISM, are of fundamental interest and importance and
available experimental data are scarce and indirect. The
liosphere provides a unique opportunity to study in detail
only accessible example of a commonplace but fundame
astrophysical phenomenon—the formation of an astrosph
A self-consistent model of the stationary heliosphere has
to be built and some aspects of the interaction, for exam
temporal variations and instabilities, are not satisfactorily u
derstood even on the qualitative level. The physics of
LISM is also poorly understood.138–140

u-
-
ome

FIG. 7. Two-shock model of the solar wind interaction with the local inte
stellar medium~LISM!. ~TS! termination shock;~HP! heliopause;~BS! bow
shock; ~CR! cosmic rays;@ISG~P!# interstellar gas~plasma!; ~B! magnetic
field.
Neutral atom imaging
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Various heliospheric models were proposed for differ
solar wind plasma and LISM parameters.128–130,141–147A
possible heliospheric structure is shown in Fig. 7 for t
most advanced and quantitatively developed two-sh
model.146,148–150A supersonic flow of the solar wind plasm
terminates at a solar wind shock front@termination shock
~TS!# beyond which its kinetic energy is largely convert
into thermal energy of the subsonic plasma. A superso
flow of the interstellar plasma~‘‘interstellar wind’’! is
stopped at the bow shock~BS!.

The interstellar wind blows from a direction with eclipt
longitude 252° and latitude17° and with a velocity
26 km/s55.5 AU/year,151–154and the heliosphere is likely to
be elongated along this velocity vector~Fig. 7!. Solar wind
anisotropy135 as well as the presence of the~currently un-
known! interstellar magnetic field~typical value 0.1–1 nT!
would result in deviations from cylindrical symmetry. Th
earth is positioned in the upwind direction in the beginni
of June each year. Neutral interstellar gas consists mo
~80%–90%! of hydrogen atoms with a number densi
0.05– 0.2 cm23; the remaining atoms are helium with th
addition of traces of heavier elements~O, Ne, Ar,
etc.!.138–140,155Interstellar gas is partially ionized,138,140,156

and the interstellar plasma is believed to have a number
sity 0.02– 0.1 cm23. The degree of interstellar gas ionizatio
would affect the morphology of the heliospheric interfa
region.150

The estimates of the size of the heliosphere vary
tween 70 and 120 AU. The closest possible position of
termination shock is ‘‘pushed’’ steadily away from the s
by the Voyager 1 spacecraft, which was at 65.2 AU on Ja
ary 1, 1997, and which continues to move in approximat
the upwind direction with the speed of 3.5 AU/year. Voyag
1 did not cross the termination shock yet. Another dist
spacecraft, Pioneer 10, was at 66.6 AU downwind from
sun on January 1, 1997, and it moves with the speed of
AU/year. The Pioneer 10 scientific mission was termina
several months ago due to decreasing capabilities of
power system.

1. Background neutral gas

Production of heliospheric ENAs requires backgrou
neutral gas. Two major sources of background neutral p
ticles in the heliosphere are provided by the interstellar
penetrating the solar system and, in the sun’s vicin
(,0.5 AU), solar wind plasma neutralization on interpla
etary dust. Planets provide localized sources of therm
escaping neutral atoms. The lifetime of a hydrogen at
with respect to ionization is about 20 days at 1 AU. Hydr
gen would form a cloud with a radius of 0.01 AU around t
earth. Thus the highly localized planetary neutrals can
disregarded, when global populations of heliospheric EN
are considered. However ENAs emitted by giant planets~Ju-
piter and Saturn! may substantially contribute to a glob
population of heliospheric neutral minor constituents, v
atomic oxygen.157

Number density of interstellar gas is so sm
(;0.1 cm23) that atom mean free path with respect a co
sion is larger than the expected size of the heliosph
Rev. Sci. Instrum., Vol. 68, No. 10, October 1997
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Therefore interstellar neutral atoms can be treated as i
vidual particles moving under the forces of the solar gra
tational attraction and solar radiation pressure.158 The radia-
tion pressure approximately counterbalances so
gravitation for hydrogen atoms but is unimportant for h
lium. Atom loss occurs due to ionization by charge exchan
with the solar wind ions, solar EUV photoionization, an
collisions with solar wind electrons, the latter process be
important only close to the sun (,1 AU).

A concept of interstellar hydrogen and helium atom pe
etration of the heliosphere is supported by extensive exp
mental observations. The techniques to study interstellar
include observation of interplanetary glow~resonant scatter
ing of the solar radiation in HI 1216 Å and HeI 584 Å
lines!,141–144,158–162detection of pickup ions in the sola
wind,163–166direct detection of interstellar helium flux,153,154

and astronomical observations of the nearby interste
medium.151,152,167,168An important minor heliospheric con
stituent, oxygen, can be from interstellar169,170 and
magnetospheric157 sources. The number density of interste
lar neutrals filling the heliosphere is in the 0.01– 0.1 cm23

range.
Another source provides neutral gas in the sun’s imm

diate vicinity (,0.5 AU). Interplanetary space is filled wit
a population of interplanetary, or zodiacal dust that tends
congregate toward the sun due to the Poynting–Rober
effect. The surface layer (,500 Å) of the dust grains is
quickly saturated by the bombarding solar wind ions, wh
leads to desorption of neutral atoms and molecules from
surface to maintain equilibrium.12,142,171–173The estimates of
this neutral particle source suffer from a large uncertainty
the dust population and details of the outgassing process
the neutral particle number density is unlikely to exce
0.01 cm23.

2. Interstellar gas (ISG) ENA fluxes

Neutral interstellar gas~ISG!, which serves as a back
ground gas for ENA-producing charge-exchange collisio
in the heliosphere, can be directly detected by ENA inst
ments. Fluxes of interstellar atoms can thus be called I
ENA fluxes. Direct detection of ENA fluxes of interstella
helium atoms accelerated by the solar gravitation was
cently demonstrated for the first time by the GAS experim
on the Ulysses spacecraft.153,154,174–176The helium flux is
104– 105 cm22 s21 with atom energies in the 30–100 e
range.

Different radiation pressures and ionization rates lead
differences in properties of interstellar atoms in the hel
sphere. In particular, different interstellar species would h
different fluxes and velocity distribution functions at th
same observation point.10 Expected fluxes of interstellar neu
trals at 1 AU vary from 104 cm22 s21 down to
1021 cm22 s21 and their velocities vary from 10 to 70 km/
for an observer moving with the earth along its orbit arou
the sun~orbital velocity of the earth is;29.8 km/s!. The
Ulysses instrument GAS is not capable of mass identifi
tion, but an alternative detection technology based on sur
conversion to negative ions would be capable of ISG EN
mass analysis.10,177Thus directin situ measurement of inter
3623Neutral atom imaging
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stellar hydrogen, deuterium, and oxygen atoms is possib
1 AU but has not been realized yet. An accurate direct m
surement of the interstellar deuterium-to-hydrogen ratio m
potentially provide important constraints on Big Bang co
mology, and oxygen is important to the theory of stellar fo
mation and evolution.10

3. Neutral solar wind (NSW) flux

The understanding of the heliosphere penetration by
terstellar neutrals158 led to the development of a concept of
permanently existing neutral component in the solar wi
This neutral solar wind~NSW! is believed to be born in
charge exchange between the solar wind ions and interp
etary neutrals.178 Solar wind plasma recombination contrib
utes only a small fraction to the neutral component.12,142,179

The NSW atoms move in the antisunward direction w
approximately a solar wind velocity~300–800 km/s!. At 1
AU, NSW consists of neutral hydrogen and helium ato
with an estimated flux of 103– 104 cm22 s21 depending on
the observer position at the earth’s orbit.12 The NSW consti-
tutes a 1025– 1024 fraction of the solar wind at 1 AU. As the
solar wind expands toward the boundaries of the heliosph
the NSW fraction would increase to 10%–20% and play
important role in the shaping the global heliosphere.149,180

The NSW flux may be significantly larger when relative
cold solar material is occasionally ejected from the sun in
coronal mass ejection events.

Due to the earth’s orbital motion, the NSW flux wou
be seen as coming from the direction several degrees of
sun for an observer moving with the earth.181,182 Detailed
computer simulations show that the NSW flux is confin
within a few degree filed-of-view~FOV!.183 An experiment
to measure NSW was prepared in the early 1980s, but
flown yet.182

4. Low-energy heliospheric ENAs

If the supersonic flow of the solar wind plasma term
nates at a solar wind shock front~TS!, the plasma flow ki-
netic energy is largely converted into thermal energy of
subsonic plasma~Fig. 7!. There is a certain probability fo
hot (T.100 eV) protons of the postshock solar wind plas
to charge exchange on background ISG between the te
nation shock and the heliopause and give rise to creatio
fast hydrogen atoms. These atoms, called low-energy he
spheric ENAs, were predicted184,185in 1963; their character
istics were studied theoretically9,129,142,186–188but never ex-
plored experimentally.

Low-energy heliospheric ENAs are probably the on
messengers born beyond the solar wind termination sh
capable of reaching the inner solar system with minim
changes. The expected ENA flux is highly anisotropic:
flux increases with the decrease of distance from the shoc
the sun, and the intensity and energy distribution of EN
are very sensitive to the details of the interaction of the so
wind with the LISM, the parameters of the LISM, and th
characteristics of the distant solar wind.9 For a termination
shock at 80 AU from the sun, the total expected ENA flux
200 cm22 s21 sr21 from the upwind direction, and atoms a
3624 Rev. Sci. Instrum., Vol. 68, No. 10, October 1997
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in the energy range 100–800 eV. The ENA flux smooth
changes with the angle of observation, decreasing by a fa
of 2 at 40° from the upwind direction.9

The strong dependence of ENA characteristics on
heliospheric properties makes ENA measurement an id
direct method to remotely study the distant boundaries of
heliosphere.9 Only a remote technique can provide a glob
view of the structure and dynamics of the heliosphere. T
heliosphere ENA imaging will become especially importa
when a Voyager 1 spacecraft one day crosses the termina
shock. Voyagerin situ measurement will allow ‘‘calibra-
tion’’ of the remote observations in one point-direction: t
measurements of low-energy heliospheric ENAs would r
ably establish the shape of the heliosphere on the basis o
distance to the termination shock to be determined by V
ager 1. The next opportunity to obtain data from the hel
spheric interface byin situ measurements from anothe
spacecraft~planned Interstellar Probe! may not come earlier
than year 2020.

5. High-energy heliospheric ENAs

Space plasma in the heliosphere and at its boundar
not in equilibrium and different processes result in distin
tive populations of highly energetic ions, which, after char
exchange, would produce high-energy heliospheric EN
~from 10 keV up to.1 MeV!.

Heliospheric neutrals are ionized and picked up by
solar wind flow. After reaching the termination shock the
pickup ions are believed to be accelerated to high ener
and can reenter the heliosphere as cosmic rays, conven
ally called anomalous cosmic rays~ACRs!.189 Charge ex-
change of ACR ions produces ENAs whose detection wo
reveal details of ACR production and acceleration at the
liospheric boundary.

Shocks in plasma efficiently accelerate ions to hi
energies.190,191 Various shocks travel through the helio
spheric plasma and serve a source of energetic ions and
respondingly high-energy ENAs. Complex shock structu
in the solar wind include merged interaction regions~MIRs!
and corotating interaction regions~CIRs!. High-energy helio-
spheric ENAs are generated by charge exchange of A
ions, MIR, and CIR shock-accelerated ions, quite-time int
planetary ions ~QTIP!, and energetic solar particle
~ESPs!.6,8,11 Computer simulations predict complicated d
pendence of ENA characteristics on the direction
observation;6,8 upper limits of ENA fluxes do not excee
1022, – 1023 cm22 s21 sr21 keV21 and decrease with in
creasing atom energy. Theoretical models predict the m
mum of the ACR-produced high-energy ENA fluxes fro
the heliospheric tail~downwind! region,192 which is exactly
opposite to the direction where the maximum low-ener
ENA flux is expected. The analysis of the experimental d
from the CELIAS instrument49 on the SOHO spacecraft ma
produce first experimental data on high-energy heliosph
ENAs in the near future.193
Neutral atom imaging
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III. BRIEF HISTORY OF EXPERIMENTAL STUDY OF
ENAS IN SPACE

While there are a number of publications on differe
aspects of the history of solar-terrestrial and magnetosph
physics,65,66,194–198the story of ENA experimental study ha
never been told in detail. The presence of ENAs in the
restrial environment was reliably established for the fi
time in 1950 by optical recording of Doppler-shifted hydr
gen Balmer Ha emission~6563 Å! in an aurora.199,200 The
precipitating hydrogen ENAs are born in the charge
change between energetic protons and neutrals of the u
atmosphere and exosphere. Balmer Ha emission is in the
visible wavelength range. It can be optically detected fr
the ground, and auroral emissions were extensively use
study the characteristics of energetic particles.194,201 While
hydrogen Balmer lines were observed in the auroral regi
since the late 1930s,202 it was not until 1950 that a Doppler
shifted Ha line was unambiguously explained with the pre
ence of hydrogen ENAs.199

The importance of ENA production processes for t
magnetosphere was understood203 by noting that the proton–
hydrogen atom charge exchange cross section was ra
high for collision velocities less than the electron velocity
a Bohr orbit, i.e., for protons with energies,25 keV ~Fig.
2!. Charge exchange determines many important prope
of geomagnetic storms. The ‘‘main phase’’ of a geomagne
storm may last from 12 to 24 h, and it is characterized b
weakening of the geomagnetic field. The main phase is u
ally followed by a ‘‘recovery phase,’’ when a gradual fie
recovery toward the initial undisturbed value of the geom
netic field is observed. The recovery time constant may b
day or sometimes longer.

It was suggested for the first time in 1959 that cha
exchange between the magnetic storm protons and ne
atmospheric hydrogen atoms provided the mechanism for
recovery phase.77 The charge exchange process leads to
production of fast hydrogen atoms and observation of s
atoms was first proposed in 1961 as a tool to study the pro
ring current present during a magnetic storm.78 A source of
ENAs beyond the magnetospheric boundary, viz., charge
change between the solar wind and the escaping hydro
geocorona, was also identified for the first time.78 The con-
cept of imaging the magnetospheric ring current in EN
fluxes from outside13 and, ‘‘in a limited fashion,’’ from
inside14 was introduced much later in 1984.

The presence of atomic hydrogen in interplanetary sp
was first derived185 in 1963 from sounding rocke
measurements204 of Doppler-broadened hydrogen Ly-a
~1216 Å! radiation ~see also review of the early study o
extraterrestrial Ly-a radiation205!. It was recognized since
the late 1950s that Doppler shift measurements could dis
guish between the telluric~geocorona! and interplanetary
hydrogen.206 The emerging concept of the heliosphere184 was
extended in 1963 by the suggestion that about half of
solar wind protons would reenter the solar cavity in the fo
of hydrogen ENAs~with 3/4 of the initial solar wind veloc-
ity! as a result of processes at and beyond the solar w
termination region.185 It was established later that an inte
planetary glow in the hydrogen and helium resonance li
Rev. Sci. Instrum., Vol. 68, No. 10, October 1997
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was produced by resonant scattering of the solar radiation
interstellar gas directly entering the sol
system.141–144,158–161The ‘‘returning’’ neutral solar wind
flux185 is believed to be significantly smaller and high
anisotropic.9

It was also suggested in the early 1960s that a la
number of neutral atoms could be present in the solar w
as transients due to ejection of solar matter in viole
events.207,208 Neutral hydrogen atoms in solar prominenc
are observed optically, and it was argued that they may re
1 AU. The follow-on calculations209,210showed that most of
the neutral atoms would not survive travel to 1 AU becau
of ionization by solar EUV radiation and electron collision
The neutral component of the solar wind is born mostly
charge exchange between the solar wind ions and interst
gas filling the heliosphere.12,142,178

Direct ENA measurements promised exceptional sci
tific return, but the necessary instrument developm
was only started in the late 1960s by Bernstein a
co-workers119,211–213at TRW Systems Inc., Redondo Beac
California. Direct, in situ measurement of ENA fluxes in
space was first attempted on April 25, 1968 in a pion
rocket experiment.119 The first dedicated ENA instrumen
was launched on a Nike–Tomahawk sounding rocket fr
Fort Churchill, Manitoba, Canada. This experiment was f
lowed by the launch of a similar instrument on a Jave
sounding rocket on March 7, 1970 to an altitude of 840 km
Wallops Island off the coast of Virginia.214 The experiments
detected hydrogen ENA fluxes in the rang
105– 109 cm22 s21 sr21 with energies between 1 and 1

FIG. 8. Schematic representation of the first ENA instrument flown o
sounding rocket in 1968. The instrument consists of charged particle de
tor, ultrathin carbon foil, electrostatic analyzer, and ion detector.~After Ref.
212!.
3625Neutral atom imaging
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keV. The reported ENA fluxes were considered by many
excessively high, however these results have never bee
rectly challenged in the literature.

The first ENA instrument212 is shown in Fig. 8. It had
many features and introduced many components and t
niques that would later on become widely used by vario
modern ENA instruments. The instrument was based on f
stripping of ENAs and subsequent analysis of the resul
positive ions. Electrostatic deflection plates were used to
move incident protons and electrons with energy,25 keV at
the entrance~the instrument also had an additional 100
magnetic field to remove electrons with energies,50 keV!.
The deflection plates served to define the solid angle of
instrument. ENAs were stripped passing an ultrat
(2 mg/cm2) carbon foil mounted on an 80% transparent gr
A hemispherical energy analyzer, which focused the ions
one dimension, was used for energy analysis. The strip
ENAs, protons, in a selected energy range, passed thro
the analyzer and were counted by a channel electron m
plier ~CEM!. Use of two additional identical instrument se
tions without deflecting voltage and without an ultrathin fo
allowed the simultaneous measurement of proton fluxes
the monitoring of the background count rate during the
periment, respectively.

An attempt to measure ENAs was made in the RI
experiment~a Russian acronym for ‘‘registerer of intensi
of electrons and protons’’! on the Soviet Mars-3 interplan
etary mission~launched May 28, 1971; entered low Ma
orbit on December 2, 1971!. The experiment was designed
measure the energy distribution of plasma ions and elect
in the Mars’ environment as well as in the solar wind duri
interplanetary coast. The RIEP instrument consisted of e
separate cylindrical electrostatic energy-per-charge ana
ers, each followed by a CEM to count particles.215 Each ana-
lyzer unit was designed to measure charged particles
selected energy-per-charge ratio. Two ultrathin carbon f
(150 Å'3.5mg/cm2) were installed in front of two of the
eight analyzers. A comparison of count rates from analyz
with and without foil while measuring particles with th
same energy-per-charge ratio was expected to provide in
mation on high-intensity neutral atom fluxes. No charg
particle deflectors were used in front of the ultrathin foi
and the experiment failed to establish ENA fluxes, which
usually relatively weak.

Another ENA instrument, a slotted-disk velocity sele
tor, was successfully built and mechanically and electrica
tested in a rocket flight in 1975.181 This narrow~FOV! in-
strument, which demonstrated efficient rejection of charg
particles and photons, was especially suitable for meas
ment of ENAs with velocities,500 km/s (E,1.3 keV/
nucleon!. It is interesting~see below! that measurements o
the interstellar helium flux and of the neutral component
the solar wind were considered as possible applications181

Apparently due to large size, mass, and power consump
as well as the torque exerted on a spacecraft~the instrument
included at least two disks 16.24 cm in diameter on a sh
74 cm long spinning at 4.53104 rpm! this instrument was
never used for ENA measurements, and the technique de
opment was discontinued.
3626 Rev. Sci. Instrum., Vol. 68, No. 10, October 1997
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The interest to the concept of a mechanically movi
ENA velocity selector was recently revived by suggestion
use unconventional high-frequency mechanical shut
mounted on ceramic piezoelectric crystals.216 Such an ap-
proach seems to be especially promising for the study
low-energy ENAs, but further development is needed
demonstrate its feasibility.

The initial ENA measurements119,214 were not repeated
and/or independently verified, and they were largely igno
by the space community. Exceptionally strong EUV/UV r
diation background was identified as a major obstacle
reliable ENA measurements in space, and experimental
ficulties were perceived as insurmountable by many at
time.

Three groups accepted the experimental challenge
continued independent development of dedicated ENA
strumentation in the late 1970s. A group at the Max-Plan
Institute for Aeronomy~MPAe!, Lindau, Germany targeted
direct in situ detection of interstellar helium flowing into th
solar system.174,175 ~The experiment was suggested for t
first time in 1972 in a proposal by H. Rosenbauer, H. Fa
and W. Feldman!. Another group at the Space Research
stitute~IKI !, Moscow, USSR, planned to measure the neu
component in the solar wind and heliosphe
ENAs.177,182,217It is interesting that the Moscow group in
tially considered also direct,in situ detection of the interstel-
lar helium flux218 but ultimately decided to concentrate o
the neutral solar wind~NSW! and heliospheric ENAs. The
NSW experiment was actively supported by a group at Sp
Research Center in Warsaw, Poland, which also theoretic
studied heliospheric ENAs and ENAs produced in the gia
planet magnetospheres.219–221A third group at the University
of Arizona focused on the possibilities of measuring EN
in geospace.222

The GAS instrument175 to directly detect fluxes of inter-
stellar helium (E530– 120 eV) had a dramatic history o
being completely redesigned and built within a record
month period in an ‘‘almost super-human effort,’’176 which
had become necessary to realize the original experime
concept on the European-built Ulysses probe after cance
tion of the U.S. spacecraft. The GAS was then successf
flown153,154,176on Ulysses which was launched in 1990 aft
many delays,223 including the one caused by the Spa
ShuttleChallengerexplosion. The neutral helium instrumen
is based on secondary ion emission from a specially prep
surface.175,176 The experiment has produced unique data
interstellar helium characteristics and ENAs emitted from
piter’s Io torus and continues operating successfully.154

A new ultrathin-foil based ‘‘direct-exposure’’ technique
which does not require stripping of incoming ENAs, w
developed by the Moscow group to detect the neutral s
wind.177,182,217NSW measurements can be performed fro
an interplanetary or high-apogee earth-orbiting spacecraf
pointing the instrument several degrees off the sun. The p
sibility of taking advantage of the aberration caused by
earth’s motion around the sun was first suggested in 197181

and was independently ‘‘rediscovered’’ later.177,182

The NSW instrument was built for the Soviet Relikt-
mission which was originally planned to be launched
Neutral atom imaging
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1987.182 The initial experiment also included measureme
of ENAs from the heliospheric interface and ENAs emitt
from the terrestrial magnetosphere. Detection of ENAs
caping Jupiter and Saturn was also expected.182,220,224The
Relikt-2 mission was postponed many times, and is s
awaiting launch~now scheduled for 1999!.

The NSW instrument included a diffraction filter182,225to
significantly increase the ENA-to-EUV/UV photon ratio
the sensor. The filter was optional for the plann
measurements,182 and it was not fully developed, when th
instrument was built. A new diffraction filter technology
emerging,226,227and a new generation of diffraction filters fo
ENA instruments is currently being developed and evalua
~see Sec. VI F!.228–231An introduction of the diffraction fil-
ters opens the way to take full advantage of a highly effici
direct-exposure technique.

ENA instrument development in the late 1970s and ea
1980s did not attract much attention in the space commun
and did not enjoy enthusiastic support of the funding ag
cies. However, the importance of ENAs for mass, ener
and momentum transport in space was established and
opportunities offered by remote ENA imaging in separat
spatial variations from temporal ones in space plasmas w
gradually recognized.

Several measurements of large fluxes of ionsE
,10 keV) near the equator at altitudes below 600 km h
been reported since the early 1960s.232 Fluxes of high-energy
ions (0.25,E,1.5 MeV) were measured later at low alt
tudes by the German AZUR spacecraft,124,233 and the ions
with energies down to 10 keV were detected there
1973.234 Theoretical calculations predicted a short lifetim
for such low altitude protons near the equator due to co
sions with atmospheric particles. The proton loss thus
quired an injection of protons in a limited region below 6
km. The required proton source to compensate proton
due to interaction with atmosphere must also be atmosp
dependent. The explanation, found in 1972,124 suggested tha
trapped energetic ions in the ring current at much hig
altitudes produce ENAs in charge exchange, and a fractio
these ENAs reaches low altitudes where they are re-ion
by charge exchange and are consequently trapped by m
netic field ~Fig. 6!.

In the heliosphere, the neutral solar wind is believed
provide a transport mechanism similar to that of magne
spheric ENAs.180 As the solar wind expands toward th
boundaries of the heliosphere, the neutral fraction in the
lar wind gradually increases to 10%–20% at the terminat
shock ~Fig. 7!. While the solar wind plasma flow is term
nated by the shock, the solar wind ENAs easily penetrate
region of the heliospheric interface and enter the LIS
sometimes called ‘‘very local’’ interstellar medium
~VLISM.! The solar wind ENAs thus interact with the a
proaching local interstellar plasma via charge exchange w
plasma protons. Hence, the boundary of the region of
sun’s influence, the solar system ‘‘frontier,’’ extends furth
into ‘‘pristine’’ interstellar medium. The significance of thi
neutral solar wind effect180 on LISM was recently confirmed
by detailed computer simulations of the heliosphe
interface.149,150
Rev. Sci. Instrum., Vol. 68, No. 10, October 1997
s

s-

ll

d

t

y
y,
-
,

ew

re

d

n

i-
-

ss
re

r
of
d
g-

o
-

o-
n

e
,

th
e

r

The interest in ENA characteristics and instrument d
velopment began to grow after the serendipitous discover
ENAs made by energetic particle instruments on seve
spacecraft. Energetic particle instruments are usually ba
on solid state detectors and often capable of discrimina
against electrons. However, such instruments generally
not distinguish between a charged particle and an EN
Therefore an energetic particle detector would efficien
serve as an ENA detector only in the absence of the norm
abundant ions. Only high-energy ENAs (E
.10– 20 keV/nucleon) can be detected by such instrume

Analysis235 of inconsistencies in interpretation of ene
getic particle measurements by the IMP 7 and 8 satellites~at
;30– 35RE from the Earth! led to the conclusion that a
certain fraction of counts during periods of very lo
fluxes236 was caused by radiation belt-produced ENAs w
energies 0.3–0.5 MeV.

Both energetic ions and neutrals were detected du
the magnetic storm in 1982 by the SEEP instrument on
S81-1 spacecraft at low altitude. A double charge-excha
mechanism~Fig. 6! was invoked to explain the observation
and it was also suggested that measurements of ener
neutral atoms at low altitude ‘‘might be able to image, in
limited fashion, the integral ion intensities of the ring curre
as a function of latitude and longitude.’’14

ENA fluxes of nonterrestrial origin were detected on
Voyager 1 spacecraft during flybys of Jupiter237 and
Saturn238 in March 1979 and November 1980, respective
The low energy charged particle~LECP! instrument on
Voyager-1 included a silicon detector to accumulate cou
from eight separate directions in the ecliptic plane.239 The
detector was designed to measure ions~electrons were swep
away by magnetic field! with energies.40 keV.

During the approach to Jupiter, when Voyager 1 was s
outside the gigantic Jovian magnetosphere, an excess c
rate was measured in the sector containing the planet in
FOV. The detector characteristics limit the possible sour
of the excess counts to energetic ions, x rays, and ENAs.
energetic ion fluxes with required intensity and energy w
expected at the location of measurements since there wer
magnetic field lines connecting to Jupiter.237 It is known that
x rays can be generated in planetary magnetospheres by
cipitating energetic electrons, usually in polar regions. C
sideration of x-ray generation showed that the requi
fluxes of electrons were several orders of magnitude hig
than those found in the Jovian magnetosphere. The con
sion of data analysis was that ‘‘the only remaining possibil
of explaining the excess counts ... is energetic neu
atoms.’’237 The energy dependence of the observed E
spectra was similar to the one established for energetic
in the magnetosphere during the close flyby.

A similar excess count rate was measured one and a
years later during the flyby of Saturn.238 Here again the ob-
served count rate, if interpreted in terms of x rays, canno
reasonably related to precipitating magnetospheric electr
It was concluded that ‘‘charge exchange of energetic io
with satellite tori is an important loss mechanism at Saturn
well as at Jupiter.’’238

Possible ENA signatures in the experimental data
3627Neutral atom imaging



e
ria
-
io
ur
ne
h

th
tu
th
s

te
ng
o

in
bi
y
u
eo
ur

t
he
d

ing
tu

o
a

N
e
-
a
th
le

0
ES
f a
ea
a
e
i

e-

a
N
ti
er
to

re-
to

NA
ies

g-
de-
es
s
as
red
e-
s a
ially

m
e in
e

here

in
ing
ne
its
a-

on:

-
nce

.g.,
etic
dur-

lar

of
kes
of

os-

pro-
elio-
n
adio
ing

g

tained by energetic particle instruments240 on IMP 7,8 and
ISEE 1 were analyzed in 1982.241,242 Detection of ENAs
(E;50 keV) was unambiguously established, and th
source was identified as the ring current in the terrest
magnetosphere.107 Coarse spatial information on ENA
producing regions was derived and ENA energy distribut
and mass composition were determined. The ENA meas
ments were made from positions where magnetic field li
allowed only negligible fluxes of energetic ions, so that t
detectors counted only ENAs. The analysis107 of these mea-
surements was a major milestone in validating the idea
the global magnetospheric processes can be efficiently s
ied remotely by measuring ENAs. It was also suggested
ENA imaging could be used to study the magnetosphere
Jupiter and Saturn.107

The follow-on analysis of the ISEE 1 data demonstra
the powerful potential of the ENA detection as an imagi
technique by reconstructing the first ENA global image
the storm-time ring current ~at E;50 keV!.79 The
instrument240 on ISEE 1 was capable of measuring the
coming ENA flux, and imaging was performed by a com
nation of spacecraft spin and instrument axis scanning b
moving motorized platform. A procedure for computer sim
lation of all-sky ENA images was established and the th
retically predicted images were compared with the ring c
rent image obtained by ISEE 1 at a radial distance of 2.6RE

during a 5 min observation.
The analysis of excessive count rates237,238 detected by

Voyager 1 during Jupiter and Saturn flybys allowed one
determine some ENA characteristics in the vicinity of t
giant planets.108 Further computer simulations of expecte
ENA emissions demonstrated the efficiency of ENA imag
as a tool to study the magnetospheres of Jupiter and Sa
from flyby spacecraft and orbiters.109,110,224,243

Use of energetic particle instruments for detection
high-energy ENA fluxes in the absence of ions became
established experimental technique. The storm-time E
images of the polar cap244 were recently obtained by th
CEPPAD experiment245 on the POLAR spacecraft. The in
strument cannot distinguish between ions and neutrals,
the ENA images were recorded during the portions of
spacecraft orbit where the fluxes of the charged partic
were very low.

An instrument with a dedicated high-energy ENA (2
,E,1500 keV) detection channel was flown on the CRR
satellite in 1991.21,125The neutral channel that consisted o
magnetic deflector followed by a solid-state detector m
sured ENA fluxes precipitating to low altitudes at the equ
torial regions. A small geometrical factor put limit to th
imaging capabilities of the instrument. A conceptually sim
lar ENA instrument was recently flown on ASTRID.22,23 A
more sophisticated high energy particle~HEP! instrument
~10–100 keV ENAs! was launched on the GEOTAIL spac
craft in 1992.20

The current phase in the study of ENAs in space plasm
is characterized by extensive computer simulations of E
images, novel instrument development, and the prepara
and planning of a number of dedicated ENA space exp
ments. The concept of global ENA imaging of the magne
3628 Rev. Sci. Instrum., Vol. 68, No. 10, October 1997
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sphere is firmly established.1–5,100,111,112Computer simula-
tions of low-energy113–115 and high-energy111,116,118,246,247

ENA imaging emphasized the importance of ENA measu
ments throughout a wide energy range from few eV up
several hundred keV. Various aspects of heliospheric E
global imaging were theoretically studied for various spec
and energy ranges.6–12,157,192,248

The first ENA detections obtained from planetary ma
netospheres in the early 1980s triggered new interest in
veloping dedicated ENA instrumentation: various techniqu
for detection and imaging of low- and high-energy ENA
were proposed and their laboratory evaluation w
begun.243,249–254Several new research groups have ente
the ENA-imaging field since then and significant improv
ments of the known experimental techniques as well a
number of innovative approaches were proposed, espec
for low-energy ENAs.4,10,125,216,225,228–230,254–258

NASA recently selected an IMAGE mission to perfor
comprehensive imaging of the terrestrial magnetospher
EUV, FUV, and ENA fluxes. A sophisticated first large siz
ENA camera INCA24 on Cassini will soon perform ENA
imaging of the Saturnian magnetosphere and the exosp
of the Saturnian moon Titan.259

IV. ENA IMAGING

A. ENA imaging concept and major instrument
requirements

An energetic ion gyrates about a magnetic field line
space~Fig. 3!. When charge exchange occurs, the result
ENA is liberated from the magnetic field and, as a sto
from a slingshot, it moves straight away from the point of
birth. Reconstruction of a global ENA image requires me
suring ENA flux dependence on the direction of observati
the instrument has ideally to determine the trajectory~flight
direction! of each individual ENA, identify its mass and en
ergy, and accumulate the image in the memory. A seque
of ENA images~for different masses and energies! would
allow direct observation of global plasma dynamics, e
development and decay of a ring current during magn
storms and variation of the heliosphere’s size and shape
ing the solar cycle.

Some plasma ions, for example He1 and O1, can be
imaged optically by registering resonantly scattered so
photons atl5304 and 834 Å, respectively.246,247,260–263Un-
like He1 and O1, protons, the most abundant component
space plasmas cannot be imaged optically, which ma
ENAs in many cases the only tool to study processes
interest remotely. ENA imaging, complemented when p
sible by imaging in the EUV5,247,264and FUV264,265spectral
ranges as well as x-ray imaging266,267and radio sounding,268

promises a breakthrough in our understanding of plasma
cesses in and dynamics of the magnetosphere and h
sphere.~Feasibility of locating and monitoring the positio
of the earth’s magnetopause and plasmapause by a r
wave sounder from a high-altitude satellite is presently be
intensely debated.268–271!

An ENA instrument ideally has to perform the followin
specific functions:
Neutral atom imaging
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ing
~1! to prevent charged particles from entering the inst
ment;

~2! to suppress background EUV/UV radiation;
~3! to identify the incoming ENAs~i.e., to determine mas

and energy!;
~4! to determine trajectories of the incoming ENAs~imag-

ing!; and
~5! to provide a dynamic range covering ENA fluxes fro

1023 to 105 cm22 s21 sr21 in the energy range from a
few eV up to.100 keV.

An instrument deflector-collimator would define th
FOV and prevent ions and electrons from entering the ins
ment. The required mass resolution is usually modest
distinguish among hydrogen~1 amu!, helium ~4!, and oxy-
gen~16! atoms. One can also expect sulfur~32! ENAs in the
Jupiter’s magnetosphere.

ENA images can be obtained either from a three-a
stabilized spacecraft or from a spinning spacecraft. The
quirements of ambient ion deflection favor a slitlike instr
ment aperture for imaging in one dimension only~Sec.
VI B !. The imaging in the second dimension can be obtai
by using spacecraft spinning. In that case one records
dimensional images for consecutive orientations of
spacecraft, which may be only a few degrees apart, as
spacecraft spins about its axis~instantaneous orientation, o
attitude, of a spacecraft is usually known with high pre
sion!. A two-dimensional composite image is then reco
structed from a set of one-dimensional images. A o
dimensional imager on a spinning platform has becom
favorite configuration for ENA experiments.

B. EUV/UV background radiation

Background EUV/UV photons may trigger MCP dete
tors in ENA instruments either directly or via photoelectr
emission from foils and other exposed surfaces. The spe
range of concern is usually limited to wavelengthsl
,1400 Å. An exposure to direct solar light will ‘‘blind’’ and
may permanently damage an unprotected instrument
special photometric unit, 1 R51 Rayleigh5106/4p
cm22 s21 sr21, is used to describe diffuse photon fluxes.
one applies the same unit to neutral particle fluxes, then
ENA flux of 1 cm22 s21 sr21 would correspond to;1025 R.
Thus the expected magnetospheric and heliospheric E
fluxes are in the 1028– 1 R range.

A strong background EUV/UV radiation makes space
exceptionally inhospitable place for ENA measuremen
The major EUV/UV source in the magnetosphere is the d
glow at the sunlit side and the nightglow at the night sid
The glow arises from scattering of sunlight~including mul-
tiple scattering of photons in sometimes optically thick en
ronment! and emission associated with various collision
processes in the upper atmosphere, exosphere,
ionosphere.17,19 Typical dayglow and nightglow spectra con
tain a number of EUV and UV spectral lines.272,273 At 600
km altitude, the total dayglow intensities are 54 kR and
kR for observations down and up, respectively.272 The most
prominent lines are hydrogen HI 1216 Å and oxygen OI
1304 Å with significant contribution of other helium, oxy
Rev. Sci. Instrum., Vol. 68, No. 10, October 1997
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gen, and nitrogen spectral lines. The most important spec
lines of nightglow are hydrogen HI 1216 Å and helium HeI
584 Å.273 The nightglow intensity is 3600 R, which is 4–1
orders of magnitude higher than expected ENA fluxes.

Interplanetary EUV/UV glow is produced by resona
scattering of solar radiation by heliospheric hydrogen a
helium atoms. The glow brightness depends on the direc
of observation and varies between 500 and 1000 R inI
1216 Å and between 1 and 10 R in HeI 584 Å at 1 AU.

C. Imaging basics

An ENA image of a plasma object ideally consists of
set of images obtained for different particle masses~e.g., H,
He, and O! in different energy ranges~e.g., 1–5, 5–10, and
10–20 keV, ...!. ENA imaging thus includes two interrelate
tasks, viz., obtaining the object’s image and ENA identific
tion ~mass, energy, and velocity!. We will consider these two
tasks separately, and then demonstrate~Sec. VII! how they
are combined in the instruments. The images of plasma
jects can be obtained in two ways: observing an object fr
a remote vantage point outside~external imaging! and ob-
serving from within a plasma object, the inside-out intern
imaging~Fig. 9!. The ENA emitting plasma can be assum
to be ‘‘ENA-thin’’ with the exception of the measuremen
at low-earth orbit, where multiple charge exchange may
come important.

Imaging from outside can be performed from a spa
craft flying by a planetary magnetosphere, or from a spa
craft in a high-apogee or high-altitude orbit. The high-apog

FIG. 9. Two imaging geometries: imaging from inside-out and imag
from outside.
3629Neutral atom imaging
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configuration is illustrated in Fig. 10. The most advanc
ENA imaging missions, such as Cassini at Saturn, uti
external outside viewing geometry. An example of t
inside-out internal imaging is observation of the heliosph
~Fig. 7! from the earth’s orbit and study of precipitating ma
netospheric ENA fluxes~Fig. 6! at low-earth orbit. The mea
surements of the latter type were performed on CRRES21 and
ASTRID22,23 missions.

The ENA flux j ENA,i(cm22 s21 sr21 keV21) of a given
speciesi from a given directions ~Fig. 11! is

j ENA,i~s,E!5E
s
j i~s,E!(

k
@s ik~E!nk~s!#

3exp@2D~s,E!#ds,

where j i(s,E) is the directional differential flux of paren
ions,nk(s) is the number density of neutral speciesk of the
background gas,s ik(E) is the energy-dependent charge e
change cross section between ions of speciesi and neutrals
of speciesk, the factor

FIG. 10. imaging of the terrestrial magnetosphere from a hypothetical h
apogee polar orbit. Magnetic field lines crossing the magnetic equato
three and five earth radii (L53,5) are shown for reference.~After Ref. 5.!

FIG. 11. Geometry of remote sensing of an ion population by measu
ENA fluxes from an observation point O.
3630 Rev. Sci. Instrum., Vol. 68, No. 10, October 1997
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allows for extinction of ENAs on their way from a point o
birth to an observation pointO, andb is the ENA loss rate
~charge exchange, electron impacts, and photoionizati!.
The ENA flux reaching the observer from a given directi
is thus determined by an integral along the line-of-sighs
~Fig. 11!, and the flux contains information on the veloci
distribution function of ions along the line-of-sight.

An ENA image is reconstructed by measuring the EN
flux dependence on the direction of observation. The reco
ing of ENA images is complicated by fast motion of th
spacecraft and by differences in ENA velocities. The spa
craft motion puts the limit on possible image accumulati
time, which may be in conflict with the desired statistic
accuracy. The observer motion may also become adva
geous if it allows derivation of the ENA velocities due to th
aberration effect. For large distances between of the sp
craft and plasma object, high-velocity, and slower ENAs
multaneously emitted by the same plasma region would
detected at different times. This time difference varies from
to 15 min for earth magnetosphere imaging from a hig
altitude spacecraft to more than a year for the imaging of
heliospheric boundary from 1 AU.

An ENA image is a projection of a three-dimension
ENA-emission plasma object on a two-dimensional ima
plane. The interpretation of images thus becomes model
pendent. Image inversion is a specialized area1,2,5 that is be-
yond the scope of this article. We only note that forwa
modeling is often used as a method of choice of treat
ENA images, that is varying the free parameters to achi
the best fit of the model predictions to experimentally o
tained images.1,2,5,79,116It is important that ion distribution
functions may not be entirely independent in different ma
netospheric regions. Energetic ion motion in the magne
sphere is constrained by magnetic field geometry, which
lows one to relate ion characteristics in spatially separa
areas. Significant progress was achieved in applying disc
inverse theory to optical geophysical images,264 which may
also be used for some aspects of ENA imaging. Inversion
ENA images requires accurate knowledge of the instrum
characteristics such as the FOV and detection efficienc
Future ENA experiments will also perform simultaneous o
servations from multiple spatially separated spacecraft
achieve tomographic imaging of planetary magnetospher

The ENA fluxes are usually weak and the observat
time is limited. Consequently a number of counts in an i
age pixel is mostly small and, as a result, significant stati
cal noise due to the random nature of the particle flux
often experienced. This noise is present even in the abs
of the detector intrinsic noise. The trade off between
observation time and the desired image angular resolu
and ‘‘photometric’’ accuracy is one of the most importa
goals of the modeling of an ENA imaging experiment.

A weak ENA flux cannot be collected and concentrat
by diffracting and/or refracting elements as it is done in o
tics. In this respect, ENA imaging is similar to hard x-ra
imaging.274,275 Reconstruction of the trajectories of ind
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vidual ENAs can be achieved by a two-point trajectory e
trapolation, when the location of particle entry into the i
strument is connected by a straight line with the point
ENA impact on the instrument ‘‘focal plane,’’ i.e., the plan
where the ENA image is formed.

The point of ENA impact can be determined by
position-sensitive detector. The simplest way to determ
the entry point is to restrict the entry area by a mechan
aperture: this is a pinhole camera@Fig. 12~A!#. In a one-
dimensional imaging system a slit would play a role of
pinhole. Another approach is based on placing an ultra
foil at the instrument entrance~see Sec. VI A! and determin-
ing the position of ENA entry by measuring electron em
sion from the foil caused by the passing ENA. Since an E
flight direction may be changed in the foil passage~scatter-
ing!, the latter configuration allows reconstruction of t
ENA trajectoryinside the instrument after the entrance fo

While a simple pinhole camera can be used for EN
imaging in any energy range, thin-foil cameras are limited
high-energy ENAs. The direction of high-energy ENA a
rival practically coincides with the particle trajectory insid
the instrument, and the latter trajectory can be used for E
image reconstruction. A low-energy ENA would signifi
cantly scatter in the foil. Consequently, the imaging in lo
energy ENA fluxes requires a pinhole camera with a dis
vantage of low instrument throughput. In the context
imaging, the division of particles in high-energy and low
energy ENAs depends on the foil thickness and the requ
angular resolution.

D. Coded aperture versus pinhole

A pinhole camera provides excellent imaging but
quires relatively high ENA fluxes. ENA fluxes in space a
weak, and an increase of the instrument’s geometr
throughput, or geometrical factor, is of paramount imp
tance. The greater the desired angular resolution, the sm

FIG. 12. Pinhole~A! and coded-aperture~B! imaging cameras.
Rev. Sci. Instrum., Vol. 68, No. 10, October 1997
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the pinhole should be for the same area of the image in
focal plane. The speed of the image forming system may
suffice to produce an image of the desired photometric q
ity during a given exposure time. The situation may be a
aggravated by the detector noise independent of the ob
image. ~This noise should be distinguished from the no
due to random nature of the incoming particle flux, which
object-dependent!.

The coded-aperture technique was proposed simu
neously and independently in the mid-1980s by tw
groups249,276to enhance performance characteristics of EN
instrumentation. One group suggested installing cod
aperture masks at the instrument entrance to increase
metrical throughput.112,276–278Another group argued that al
though a coded aperture was not superior to a pinhole
terms of the signal-to-noise ratio for magnetosphere imag
the coded-aperture camera would allow efficient use of
same sensor for imaging simultaneously in both low- a
high-energy ENA fluxes.249

The coded-aperture technique is based on simultane
use of a number of pinholes. The images formed by
pinholes mix ~multiplex!, overlap and superimpose~not
matching each other! and produce picture at the instrument
image plane non recognizable at first glance@Fig. 12~B!#. If
a pinhole pattern is selected in a proper way, then it is p
sible to unscramble the resulting image by postprocess
while minimizing errors and artifacts, and produce the ima
of the object.

Image multiplexing was pioneered in 1968279,280 and
used many times in space and laboratory exp
ments.274,275,281–288 Uniformly redundant arrays283,289

~URAs! of pinholes were found to provide the most efficie
aperture coding with minimal imaging artifacts. URAs a
based on pseudorandom sequences290,291widely used in the
communications technology. A conceptually similar tec
nique with multiplexing in time instead of space is succe
fully used in neutron scattering292 and molecular beam293,294

experiments.
A detailed comparison295 between pinhole and coded

aperture cameras is summarized in Table I. Three factors
most important in the selection of the ENA imaging syste
First, the magnetospheric and heliospheric images are
pected to be widely distributed structures with slowly var
ing brightness rather than starlike objects. Second, the de
tor noise~with the exception of the statistical noise due
random nature of particle fluxes! is efficiently suppressed by
coincidence requirements employed by ENA identificati
techniques. Third, EUV/UV background radiation may ove
load MCP detectors in the sensor.

The coded-aperture technique is advantageous w
used for the detection of starlike objects and in the prese
of the object-independent detector noise. Pinhole cam
seem to be superior for ENA imaging since they are simp
more tolerant to background EUV/UV, and free of the pro
lems with object partial coding, while the coded-apertu
technique is prone to artifacts.295 Additionally, even small
manufacturing imperfections of coded-aperture masks m
result in very complex imaging artifacts.296,297 A pinhole-
3631Neutral atom imaging
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TABLE I. Comparison of pinhole and coded-aperture imaging systems for ENA imaging of space plasma

Characteristic Pinhole camera Coded-aperture camera

imaging of starlike objects inferior superior

imaging of objects with
uniformly distributed brightness

slightly superior in the absence
of noise;

becomes inferior with the
increasing of detector noise

slightly inferior in the
absence of noise;

becomes superior with the
increasing of detector noise

detector noise may be a problem suppressed

partial coding of objects objects are fully coded image artifacts

high count rates of detectors due
to the EUV/UV background

insignificant significant

electronic adjustment of the
resolution

impossible possible

simultaneous use for high-
energy ENA imaging

no yes

manufacturing imperfections negligible effect can be significant;
image artifacts

simple/complex simple complex

aAfter Ref. 295.
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type camera is thus an imaging configuration of choice
least for the experiments in the near future.

V. ENA DIAGNOSTICS OF FUSION PLASMAS

ENA diagnostics is a well-established approach to stu
fusion plasma characteristics.33–36,298–300Such corpuscular
diagnostics have been successfully used in various fo
since the early 1960s33,301 at many magnetically confine
plasma machines, e.g., T-3,4301 DOUBLET III,302 PLT,34,303

TFTR,304 2XIIB,300 JET,305,306 ASDEX,307 JT-60,308,309

RFX,310 MST,311 and TORTUR.312,313 The energy range o
the measured neutrals extends from a few hundred eV303,314

up to 0.1–1.0 MeV.304,306,309

Most of the fusion plasma ENA analyzers in the ener
range 0.5–100 keV are based on ionizing the neutrals
special stripping cells and subsequent analysis of pos
ions. A stripping cell is usually filled with gas301,302,308,311,314

or plasma.315 Pulsed gas and pulsed plasma targets have b
also used to increase stripping efficiency while minimizi
the load on vacuum pumps. One of the major advantage
gas targets is minimal disturbance of the neutral atom ene
distribution ~compare with energy losses and scattering
ultrathin foils: see Sec. VI D 2!. Gas targets can also be us
in space instruments that do not require continuous lo
term operation, such as the solar EUV optics-fr
spectrometers.316–318For ENA imaging in space, the use o
gas targets is unlikely.

The instruments for detection of fusion plasma-emit
ENAs with E,500 eV are usually based on mechanic
choppers in various configurations303,307,310although electron
impact ionization has also been used.319 The chopper ap-
proach is conceptually not unlike the slotted-disk veloc
selector developed for space neutrals.181 Conventional me-
Instrum., Vol. 68, No. 10, October 1997
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chanical choppers are unacceptably large and heavy
space instruments, however recent suggestion216 to mechani-
cally modulate the incoming ENA flux by miniature tran
mission gratings may open a way for this technique in sp
instruments.

Neutral atom surface conversion to negative ions w
recently implemented for fusion plasma diagnostics.312,313A
similar approach for detection of ultralow-energy ENAs
space10,177 has tremendous promise when fully develop
and will be discussed in some detail below~Section VI G 2!.
Similarities between ENA imaging of space and fusion pl
mas led to the proposals of application of recent technolo
cal advances in space instruments to fusion plas
diagnostics.320

FIG. 13. Energy ranges of three major ENA instrument groups.
Neutral atom imaging
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VI. BASICS OF ENA DETECTION AND
IDENTIFICATION

A. Principal scheme of ENA detection in space

Presently all ENA instruments can be roughly divid
into three partially overlapping major groups~Fig. 13!:
instruments for high-energy ENAs (E.10 keV/nucleon),
for low-energy ENAs (100 eV,E,50 keV), and for
ultralow energy ENAs (E,500 eV). Various aspects o
ENA instrumentation were reviewed in th
past.4,10,111,112,216,248,250,256,295,321In this section we will start
with a brief description of common approaches in ENA
struments, and then consider in some detail major instrum
components and techniques. Then in Sec. VII we will co
sider representative instrument designs illustrating the s
of the art and new directions in ENA instrumentation.

An ENA instrument consists of a deflector-collimat
followed by a sensor performing detection and identificat
of incoming neutral particles. The deflector prevents amb
charged particles from entering the sensor, but leaves
incoming EUV/UV background radiation unaffected. Th
upper energy limit of the instruments is determined by
deflector ability to separate ENAs from energetic ions
preventing the latter from entering the sensor~usually 100–
300 keV/e!. Cosmic ray particles~penetrating particles! are
rejected by using sensor capabilities of measuring ENA
ergy and/or velocity.

Let us first demonstrate some concepts of ENA detec
and identification on a simplified generic sensor found
various forms in many ENA instruments. This sensor co
sists of an ultrathin~20–200 Å! foil ~UTF! at the entrance
electrostatic mirror~EM!, and detectorsD1 andD2 ~Fig. 14!.
An ENA penetrates the foil and hits the detectorD2 . The
electrons emitted from the foil by ENA passage are acce
ated and transported to the detectorD1 . By measuring coor-
dinates of the electron impinging onD1 (X1 ,Y1) and particle
on D2 (X2 ,Y2), one can determine the particle’s trajecto
between the foil and the detectorD2 .

The particle velocity is determined by measuring a tim
interval~time of flight! between electron detection byD1 and
particle detection byD2 . If D2 is a solid-state detector, the
the particle total energy can also be established. Simu

FIG. 14. Schematic of a generic sensor illustrating techniques used in m
ENA instruments.~UTF! ultrathin foil; ~EM! electrostatic mirror,~D1 and
D2! detectors capable of determining coordinates (X,Y) of particle imping-
ing on the sensitive surface and accurately fixing the moment of par
registration.
Rev. Sci. Instrum., Vol. 68, No. 10, October 1997
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neous measurement of particle velocity and energy allo
unambiguous mass identification. The ability of thin-fo
time-of-flight ~TOF! spectrometers to distinguish among i
coming monoenergetic particles with different masses
proves with the increasing particle energy. For exam
masses 1, 2, and 4 can be separated at such low energie
keV,322,323while separation of masses 12 and 16 would
quire energy;25 keV.37

TOF spectrometers are exceptionally efficient in reje
ing detector noise counts. A valid ENA event~detection!
requires signals from several detectors within well-defin
narrow ~100–200 ns! time gates~coincidence requirement!.
Background photons and stray particles would produce
tector noise count rates proportional to the instrument g
metrical factor and correspondingly proportional to the
coming ENA fluxes. The noise counts are random, and th
is a certain probability that they produce a false ‘‘EN
event’’ by triggering the detectors within the coinciden
time gates. The rate of double and triple random coin
dences is proportional to the square and cube of the inc
ing flux, respectively. The ENA signal is directly propo
tional to the incoming ENA flux. This square or cub
proportionality of the random coincidence rates allows e
traction of a weak ENA signal from the superior detec
noise count rate.217 For example, a triple coincidence rando
noise due to background EUV/UV radiation is expected to
about seven events per year in the ENA instrument
Cassini.24

Particles with very high energies (.1 MeV), typical for
nuclear physics experiments, are detected with almost 10
efficiency by TOF spectrometers. The energies of ENAs a
electrons emitted from thin foils are much smaller, and
detection efficiencies can be anywhere between a fractio
a percent and 100%. Electron yields from foils may also v
from a hundredth to a few electrons per incident ENA.
coincidence technique offers a unique opportunity to de
mine, in the absence of noise, instrument absolute detec
efficiency without independent knowledge of the incomi
calibration flux.217 This feature of the coincidence techniqu
was used for the first time in the 1920s by Geiger a
Werner324 who determined the efficiency (,100%) of hu-
man observers in counting scintillations.

Schematics of high-energy, low-energy, and ultralo

ny

le FIG. 15. Schematic of high-energy ENA detection.
3633Neutral atom imaging
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energy ENA sensors are shown in Figs. 15, 16, and 17,
spectively.

1. High-energy ENA sensors

A high-energy ENA instrument can be protected agai
background radiation by a thin (;0.1mm) film ~TF! filter,
which significantly reduces the EUV/UV photon flux into th
instrument~Fig. 15!. A protective thin-film filter at the in-
strument entrance would modify energy and angular dis
butions of incoming ENAs. Thin-film filters and solid-sta
detectors determine an effective energy threshol
(.10 keV/nucleon) for such instruments.250 Electron emis-
sion from the film, or from an additional ultrathin foil, can b
used to provide a START signal for a TOF analyzer and
determine the position (X1 ,Y1) of the point of ENA entry.
The detectorD provides a STOP signal and particle positi
(X2 ,Y2). A solid-state detectorD would also measure th
total energy of the particle. Thus one can determine the
ticle’s trajectory, velocity, and energy~and mass!.

Conceptually similar TOF spectrometers are often u
for particle identification in nuclear physics.325 ENA energies
are insufficient for thin solid-stateDE detectors, as used i
particle DE2E telescopes,38,40 therefore ultrathin foils are

FIG. 16. Schematic of low-energy ENA detection by conversion of ENAs
ions ~A! and by a direct-exposure time-of-flight technique~B!.
3634 Rev. Sci. Instrum., Vol. 68, No. 10, October 1997
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needed for START signal generation. The ultrathin fo
were introduced in TOF spectrometers initially for study
particles withE.100 keV;326–328this energy limit was low-
ered later down to;10– 20 keV37 and eventually down to
600 eV.217

2. Low-energy ENA sensors

Particle absorption, straggling, and scattering proh
use of protective thin-film filters for detection of ENAs wit
E,10 keV. Two ways to register low-energy ENAs by fi
terless, open-type instruments have been developed~Fig.
16!: ~A! to convert ENAs to ions by stripping in an ultrathi
foil with subsequent deflection~and separation from the
background photons!, analysis and detection of ions;4,212,321

and ~B! to expose the instrument directly to both th
EUV/UV radiation and ENA flux and to detect ENAs by th
TOF technique.182,217

Both techniques have advantages and disadvanta
The efficiency with which the ENA-stripping technique@Fig.
16~A!# ‘‘uses’’ incident ENAs is relatively low: only a frac-
tion of ENAs is ionized during the passage of the foil, and
electrostatic energy analyzer usually measures ions in a s
ning mode. The efficiency of stripping helium and oxyg
ENAs is approximately a factor of 5–10 lower than the pro
ability of stripping hydrogen of the same energy.256 An im-
portant advantage of the stripping technique is conven
particle separation from photons, which efficiently su
presses the background EUV/UV radiation.4,212,321

An alternative direct-exposure approach@Fig. 16~B!# al-
lows highly efficient simultaneous parallel detection and v
locity analysis of ENAs across the wide energy range by

FIG. 17. Schematic of ultralow-energy ENA detection by ENA surfa
conversion to negative ions~A! and by secondary ion emission~B!.
Neutral atom imaging
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TOF technique. An incoming photon may trigger either t
start or stop detector, when an ENA may trigger both~coin-
cidence!. The coincidence requirement allows separation
weak ENA signals from superior background counts. T
technique does not require ENA stripping and hence it d
not discriminate against helium and oxygen. The major d
advantage is direct exposure of ultrathin foils and detec
to the background EUV/UV radiation. The restrictions
detector maximum count rates thus limit possible sensor g
metrical throughput. New diffraction filters~Sec. VI F! trans-
parent to ENAs and suppressing EUV/UV radiation open
way for efficient use of the direct-exposure instruments.

The efficiency of ENA stripping and electron yield from
the foils decreases with the decreasing ENA energy wh
determines the lower energy limit of the described a
proaches~Fig. 16!. The upper energy limit is determined b
the desired energy resolution of TOF spectrometers. The
ergy range of low-energy ENA instruments can be betwee
hundred eV and 50–80 keV~Fig. 13!.

3. Ultralow-energy ENA sensors

Ultralow-energy (,500 eV) ENA detection is an
emerging technique. The ENA energy is insufficient for
particle to penetrate an ultrathin foil, to strip an ENA, or
produce electron emission with the required efficiency. T
ditional electron impact ionization was used for measu
ments of cometary neutrals from a fast movi
spacecraft,319,329,330but such a technique is inefficient an
can be employed only for relatively high neutral numb
densities.330,331

Two distinct new approaches to ultralow ENA detecti
were proposed~Fig. 17!. The first approach@Fig. 17~A!# is
based on surface conversion of impinging ENAs to nega
ions with subsequent ion energy and mass analysis.10 Surface
conversion technique have no energy threshold for some
coming neutrals and surfaces, while the realistic upper
ergy limit is several hundred eV~Fig. 13!. An alternative
technique is based on secondary ion emission from a
cially prepared surface which allows efficient suppression
EUV/UV radiation @Fig. 17~B!#. The latter technique is no
capable of ENA mass analysis, has energy threshold 30
eV, and was successfully demonstrated in the GAS exp
ment on Ulysses for detection of interstellar helium ato
flux.175,176

B. Charged particle deflectors and collimators

A charged particle deflector at the ENA instrument e
trance prevents ambient ions and electrons from entering
sensor and defines the instrument’s FOV.11,111,112,248,250The
upper energy limit of the instrument is the maximum ene
EMAX of the deflected ions, which can be anywhere from
to 500 keV/e depending on the specific mission requir
ments. Both electrostatic24,212,216 and magnetic21,125,182,212

fields as well as their combination23,212 can be used in the
deflectors. Permanent magnets~e.g., SmCo!, which are espe-
cially efficient in removing ambient electrons, have an a
Rev. Sci. Instrum., Vol. 68, No. 10, October 1997
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vantage of zero power consumption. However a perman
magnet deflector usually requires a yoke and magn
shield, which may be unacceptably heavy.

An alternative arrangement is to use an electrostatic
flector, which is sometimes simpler and has an option
being turned on and off when desired, thus allowing the
of the same sensor for ion investigation.11 The simplest de-
flector arrangement is a pair of parallel plates with t
length,L, separation,d, and voltage between them,V. Ig-
noring the fringe fields, a simple trajectory under const
force allows one to approximate the maximum energy
ions EMAX of chargeq with initial velocity parallel to the
plate such a collimator can reject

EMAX 5~qV/4!~L/d!2.

The requirements of miniaturization and low power co
sumption limit realistically available deflection voltages
20–30 kV in space instruments.43,45 For a given voltage
source, maximizing theL/d ratio maximizesEMAX , but
would simultaneously reduce the FOV of the instrument
the direction perpendicular to the deflection plates. Suc
dependence favors a one-dimensional imaging instrum
with a slitlike field of view. The collimator of a one
dimensional instrument would thus have much smaller se
ration, d, between deflector plates and consequently wo
allow one to achieve the desired value ofEMAX with much
smaller voltage,V. A stack of several plate pairs can in
crease the effective geometrical factor, and correspondin
the instrument’s sensitivity.11,24,111,112,248Therefore a one-
dimensional ENA imaging system is highly attractive; t
imaging in the second dimension can be achieved by tak
advantage of spacecraft spinning~see Sec. IV A!.

The collimator can be a source of noise counts and o
undesired effects.11,111 Forward scattering of incident par
ticles by the collimator plates would alter the angular a
energy characteristics of the incoming ENA flux. A serrati
of the plate surface reduces this effect.250,252

When a secondary electron, whether produced by an
pact of an ion or a photon, is released from a negativ
biased collimator plate, it is accelerated toward the oppo
plate. The electron impact may produce x-ray or EUV ph
ton~s!. The photons, in turn, with some probability wou
strike the negatively biased opposite plate with production
more photoelectrons, resulting in a photon-electron casc
Such cascades would increase the flux of energetic pho
into the sensor and may overload the deflection plate h
voltage power supply. The treatment of the plate surfa
with graphite reduces photoelectron yield for bright bac
ground 1216 Å radiation; the lowering of the deflection vo
age would reduce the x-ray yield.

The deflector/collimator design presents a special ch
lenge for the instruments pointed close to the sun, e.g.,
neutral solar wind measurements~5°–7° off the sun!. Solar
radiation is scattered and diffracted at the collimator~baffle!
edges, and careful design is required to minimize the pr
ability of stray photons reaching the sensor. Photon sca
ing characteristics of the instrument internal surfaces are
important, in particular reflectance of bright 1216 Å radiati
from various materials.302,332 Stray light was successfully
3635Neutral atom imaging



n
n
e

ur
co

de
ike
ll
lli
fo
w
rg

de
on
id
te
d-
y
ity

ct
n

he
av
a

n
By
c
to
ide
ics

o-
ch

ot

s
ns
pr
-
th
e

s

O

n-
t

e
.

ion
ple
en-
de.
-

be
tron
ec-
a
on

tion
ent

ral
by
n-

ed in
bri-
tly
be

ows
n,
at

cle

at
el
ize.
of

eir
r-
on

12
up

re
r
es
ex-

gle
rsts
nic

i-
ar-
and

ap-
exit
-
nt

no-
suppressed in many space optical instruments.333 Experimen-
tal verification of collimator performance presents a no
trivial problem, when suppression of 7–10 orders of mag
tude has to be demonstrated for a bright light source clos
the instrument axis.

A strong emphasis on compact instruments for fut
space missions led to the development of new efficient
limators with a large geometrical throughput.334 A wide cir-
cular FOV combined with a small distance between the
flecting plates can be achieved by maintaining a slitl
geometry of the collimator while bending it to form a fu
circle thus resulting in an annular collimator. Such a co
mator provides an unusually high geometrical throughput
its size, and is suitable for study of ENA fluxes with lo
angular resolution, for example the heliospheric low-ene
ENAs.9,334

C. Detectors

Various detectors are used in ENA instruments for
tection of incoming ENAs and secondary ions and electr
produced by ENA interaction with foils and surfaces. Sol
state semiconductor detectors can be used directly for de
tion of ENAs with energies higher than 10–20 keV. Soli
state detectors are capable of measuring the total energ
incoming particles, and when combined with TOF veloc
measurement, the particle mass can be identified.

An energetic particle penetrates the solid-state dete
and looses energy in Coulomb collisions with free and bou
electrons.335,336 The particle energy loss thus results in t
creation of electron-hole pairs. For example, it takes on
erage 3.62 eV to create an electron-hole pair in silicon
room temperature. The charge carriers created by the e
getic particle drift to the contacts of the opposite polarity.
measuring the total charge collected on a contact one
determine the total energy lost by a particle in the detec
Solid-state semiconductor detectors have been used w
for energetic particle detection in nuclear phys
experiments336,337and in space.21,38,40,239Such detectors can
be applied without any modification for ENA detection pr
viding incoming charged particles are prevented from rea
ing the detectors.

Detectors are often required to provide signals for b
precise timing and pulse amplitude~for total energy or posi-
tion! measurements. While a solid-state detector provide
‘‘slow’’ signal for amplitude measurement, the electro
knocked out from the detector’s surface can be used for
cise timing by triggering an additional ‘‘fast’’ detector. Elec
tron detection also allows independent determination of
position of particle impact, similar to determination of th
point of foil penetration~Fig. 14!. The solid-state detector
are sometimes cooled to improve energy resolution.125 The
energy loss in the detector surface layer that determines
fective energy threshold is well known for H, He, and
particles.338,339

The technology allows fabrication of solid-state multia
ode detectors with radiation hardened complementary me
oxide semiconductor~CMOS! electronic circuits to amplify
and sort out signals from different anodes, for exampl
256-pixel multianode sensor with independent readouts125
3636 Rev. Sci. Instrum., Vol. 68, No. 10, October 1997
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The proton dead zone is 8 keV and energy resolut
,2 keV at room temperature. Thus one can build sim
ENA instruments consisting of multianode solid-state s
sors with collimators defining separate FOV for each ano

Low-energy (E,10 keV) ENAs cannot be directly de
tected by solid-state detectors. Low energy particles can
registered by detectors on the basis of secondary elec
emission, the so called secondary electron multipliers. S
ondary electron multipliers register any particle, including
photon, that can produce a secondary electron impinging
the sensitive surface.340 EUV/UV photons are readily
counted by secondary electron multipliers, and the detec
efficiency of a typical nonsensitized detector is a few perc
at the hydrogen Ly-a line;341 it may exceed 10% forl
,1000 Å,342 and it decreases again in the x-ray spect
range. Secondary electron multipliers would be swamped
counts due to background EUV/UV radiation if exposed u
protected in space.

CEMs and microchannel plates~MCPs! are most widely
used in space instruments. These detectors were patent
the early 1940s and practically usable devices were fa
cated 20 years later. A CEM is a tube made of a sligh
conducting glass. A high voltage applied between the tu
ends creates an axial electric field inside the tube that all
the propagation and multiplication of an incoming electro
thus producing an avalanche of many millions of electrons
the channel exit. A CEM became a workhorse of parti
detection since the early 1960s.343–345

A remarkable feature of the channel multipliers is th
electron multiplication is determined mostly by the chann
length-to-diameter ratio rather than the absolute channel s
This dependence opened the way for miniaturization
channel multipliers, while preserving to a large extent th
multiplication properties. An MCP is a two-dimensional a
ray of several millions identical miniature channel electr
multipliers, closely packed parallel to each other.346–351The
first MCPs were composed of channels 200mm in
diameter;352 in modern plates channel diameters are 6–
mm. MCP sensitive areas vary from a few cm in diameter
to 10310 cm and larger.

The MCPs are usually used in stacks of two or mo
plates~with straight microchannels! in series to increase thei
gain without causing undesired ion feedback. Sometim
MCPs with curved channels are used but they are more
pensive and more difficult to handle.353 CEMs and MCP
stacks generate electron avalanches consisting of 106– 108

electrons in response to an arrival or emission of a sin
electron at the entrance. The exit electron charge outbu
are easily amplified and registered by conventional electro
circuitry.

An individual CEM does not have any position determ
nation capability except to establish that it received a p
ticle. Formation of an electron avalanche in the channel
its propagation is a statistical process.346,354The time interval
between a particle impact on the sensitive surface and
pearance of the electron outburst at the channel’s
slightly varies~time jitter!. This results in another disadvan
tage of the CEM, viz., the inability to determine the mome
of particle detection with accuracy better than a few na
Neutral atom imaging
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seconds. MCP detectors allow one to reduce the time jitte
a fraction of a nanosecond,350 which makes them detectors o
choice in ENA instruments. MCPs can also provide posit
sensitivity ~see below! across large sensitive areas.

The requirement of timing accuracy is exceptionally im
portant for high-energy ENA identification since it direct
determines velocity resolution of the compact TOF sens
A time resolution better than 1 ns is usually desired for hig
energy ENA instruments. For low-energy ENAs, the requi
ments on timing accuracy are more relaxed since ENA st
gling in ultrathin foils results in variation of energy loss. Th
resulting energy spread translates into variations of ENA
locities, and correspondingly TOF. A typical timing accura
requirement in low-energy ENA instruments is 1–2 ns.

The electron avalanches leaving MCPs vary in am
tude: the width of pulse height distributions is usually qua
titatively characterized by the so-called amplitude resoluti
Simple threshold discriminators allow one to obtain timi
accuracy 1–3 ns. Timing accuracies 0.5 ns and better ca
achieved by more sophisticated constant-fract
discriminators.350 Precise timing also requires impedanc
matched 50V anodes to prevent signal distortion and rin
ing. Such anodes provide an impedance-matched trans
from an electron collector plate~anode! to a cable to an
amplifier. These anodes are usually of conic shape328,350,355

with large size extension in the axial direction. A novel co
pact impedance-matched anode with significantly redu
axial size was recently suggested on the basis of the circ
Appolonius.356,357

The exact position of particle impinging on the MC
sensitive surface can be determined by using a specially
signed electron collector~anode!. The position-sensitive de
tectors~PSD! use various electron readout designs.351,358–362

The most common readout schemes are based on charg
vision either between edges of the resistive anode363,364 or
between isolated conducting anodes, in particular of
wedge-and-strip type.365 Coordinate determination by
charge-division technique is based on accurate measure
of charges collected at several anode outputs or anode
ments. Charge pulse amplitude measurement~‘‘slow’’ ! does
not usually allow simultaneous use of the anode signals
particle timing ~‘‘fast’’ !. A signal from the exit side of the
last ~in the stack! MCP is commonly used for fast timing
This fast positive pulse is related to the electron avalan
escape from the MCP exit and is obtained independe
from the collector~charge! signals.366–368

Recently developed delay line MCP position-sensit
detectors are based on the measurement of the time int
between appearance of signals at two ends of the anode
The delay lines were first used for coordinate determina
in gas proportional counters.369 First delay-line designs fo
MCP signal readout were based on wires.370,371Introduction
of planar anode technology was a breakthrough that allo
fabrication of highly robust and reliable MCP delay lin
detectors,372–376 the qualities highly desirable for space a
plications. The delay line technique is conceptually similar
TOF measurements common in many ENA instrumen
Consequently the delay line position-sensitive detectors
exceptionally attractive and advantageous for straightforw
Rev. Sci. Instrum., Vol. 68, No. 10, October 1997
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integration with the TOF electronics of ENA instruments.
Only modest position resolution is usually required

ENA instruments since

~1! scattering in ultrathin foils introduces uncertainty in
ENA initial trajectory, and

~2! accuracy of an electron image transfer from the foil
the detector does not typically exceed 1 mm~see Sec.
VI E!.

The desired spatial resolution is thus limited to 30–40 pix
in one dimension; both one- and two-dimensional positio
sensitive detectors are used.

D. Ultrathin foils

1. Foil fabrication and characterization

Freestanding ultrathin foils play an exceptionally impo
tant role in ENA instrumentation: they serve for strippin
passing ENAs, for producing secondary electrons, and
incident radiation attenuation. The foils must be freestand
without a solid substrate support to allow passage of EN
and simultaneously mechanically robust. A hig
transparency~90%–95%! metal grid usually provides the re
quired foil support with slight reduction of the foil’s effec
tive area. The adjectives ‘‘unbacked’’ and ‘‘self-supported
are sometimes used to describe the freestanding foils.

Two different units are used for foil thickness,mg/cm2

and Å. The foil lattice structure is poorly known, and th
material density may significantly differ from that of the bu
material.377 Foil characterization by mass per unit ar
~which directly translates into the number of atoms per u
area! is preferable for many applications since it allows d
termination of energy loss and scattering of passing partic
The area density 1mg/cm2 of widely used carbon foils cor-
responds to a thickness of 35–45 Å, or;15 atomic layers.

The development of thin foil technology was started
response to nuclear physics demands for thin targets,
windows, and thin strippers in linear particle accelerators.
the end of the 1940s and beginning of the 1950s, unbac
metal foils were produced with the 20– 30mg/cm2

thickness.378,379The Chromium Corporation of America suc
ceeded in fabricating freestanding nickel foils with the thic
ness down to 500 Å.380 Nonmetal~SiO! foils were also pro-
duced with the thicknesses down to 8mg/cm2 in 1952.381

Dielectric, nonconducting foils usually require extra care
applications to avoid charging that may lead to foil crackin

Low atomic number materials reduce scattering and
ergy losses of penetrating particles. Consequently, car
emerged as the material of choice for ultrathin foils: the c
bon foils are characterized by high mechanical strength
technological simplicity. Freestanding carbon foils with
and 1mg/cm2 thicknesses were fabricated in 1960382 and in
the late 1960s,383 respectively. Ultrathin foils are hardly
visible by the naked eye and become opaque only at th
nesses greater than 80mg/cm2. Foils as thin as
;20 Å(0.5mg/cm2) were reported.4,256,384

Foil fabrication usually starts with deposition of the r
quired material on a glass flat~or a microscope slide! cov-
ered by a soluble substrate. For example, evaporation of
3637Neutral atom imaging
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bon from an arcin vacuomay serve as a source of carbo
After removal of the soluble layer~e.g., by dissolution in
distilled water! the floating foil is picked up by a high
transparency metal grid which would serve as a suppor
structure. Basics of thin foil fabrication technology,383 fabri-
cation details of thicker (35mg/cm2) foils,385 destructive
technique for determination of carbon foil surfa
densities,386 and deposition techniques for thin film pre
aration387 are described in the literature.

The transparency of supporting metal grids can be
high as 90%–95%, and ultrathin carbon foils can be mad
cm in diameter and larger. Although large research gro
traditionally prepare foils in-house, thin carbon foils a
commercially available, e.g., from theArizona Carbon Foil
Co., Tucson, Arizona. The carbon foils with the diamondli
lattice structure were recently fabricated using plasma s
tering of pure graphite in high-vacuum discharge.388 These
foils are claimed to be significantly stronger, exhibit long
lifetimes under ion bombardment, and are characterized
lower energy loss of penetrating particles. The latter feat
may allow reduction of the energy threshold for particle d
tection, but the smaller energy loss would result in low
electron emission and reduced detection efficiency.

Mechanical robustness to withstand vibrations a
shocks of the rocket launch is a major foil requirement.
addition to carbon foils, thin Formvar foils~56% carbon, 7%
hydrogen, and 37% oxygen by weight! seem to have out
standing mechanical strength.384 Another problem of concern
is possible pinholes, since a few pinholes may significan
reduce the foil’s ability to suppress incoming radiatio
When the primary purpose of a thin foil is ENA strippin
and/or production of electrons for timing, the instrume
characteristics are practically immune to pinholes and e
to cracks in the foil structure; these defects would o
slightly reduce detection or conversion efficiencies.

A clever way to nondestructively test thin foils for pin
hole presence is to illuminate the foil by a flux of low ener
~200 eV! ions.389 Incident ions that pass through the unda
aged foil emerge mostly as neutrals at this energy. The n
trals are detected with a very low detection efficienc
(,1%) by an MCP-based position-sensitive detector
stalled immediately behind the foil. However if a pinhole
present, then an incident ion would pass through the h
without changing its charge. The ion is accelerated betw
the foil and the detector and registered with high efficien
Thus the bright spots in the registered image would show
pinholes in the foil.

Carbon is a very effective adsorbent, and carbon fo
may contain large amount of impurities. Characterization
the foils which are only 10–20 atomic layers thick is a no
trivial problem. One desires to establish both the amoun
carbon in the foil and impurities in the foil and on its surfac
Bulk material impurities would affect ENA energy loss, sca
tering, and secondary electron production and transport
side the foil. Surface impurities would mostly affect electr
escape probability and electron yield as well as charge s
of exiting particles.

Ultrathin foils were analyzed by various techniqu
common in surface studies.390 The enhanced proton scatte
3638 Rev. Sci. Instrum., Vol. 68, No. 10, October 1997
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ing technique is very sensitive to carbon and especially s
able for the analysis of ultrathin foils. Rutherford bac
scattering spectroscopy~RBS! is useful in determination of
carbon and bulk heavy impurities in thicker (.500 Å) foils.
Various fast ion techniques can be used for characteriza
of even thicker (.1000 Å) foils.391

Secondary ion mass spectroscopy~SIMS! is especially
efficient for study of the surface layer composition. How
ever, the probing beam currents are unacceptably high
conventional SIMS instruments and would destroy a frag
ultrathin foil. An unconventional TOF SIMS technique wa
developed to nondestructively study ultrathin foils.392 The
presence of H, O, F, Na, K, and other species was reveale
the surface of a 30 Å carbon foil.

Foil properties may be significantly modified during a
plications. For example, the observed foil thickening und
particle bombardment may be attributed to deposition of c
bon from cracking the residual hydrocarbons.393 Foil crystal-
lographic transformations may also occur because of lo
temperature increase due to energy deposition by pas
energetic particles.394 Such structural transformations ma
result in ultimate foil breakage and effectively reduce the f
lifetime. ENA fluxes in space are usually very weak, and
effect of foil crystallographic transformation is probably in
significant in ENA instruments.

The degree of uniformity of the foil thickness is large
unknown. An average number of atomic layers may not
ceed a dozen in an ultrathin foil. If the foil material depos
tion during fabrication is a random process, then large va
tions in the foil thickness can be expected.395 For example,
for a foil with a thickness of 16 atomic layers, one cou
expect a625% thickness variation for such a model. A

FIG. 18. ENA penetration through a thin foil~TF! results in particle energy
loss, scattering, possible change of particle charge state~fractions f 1, f 2,
f 0!, and electron emission~backward and forward!.
Neutral atom imaging
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experimentally established foil thickness is an average ac
the surface, and there are no reliable experimental data
thickness distribution. The thickness uncertainty limits o
ability to optimize ENA instrument characteristics by acc
rate selection of ultrathin (,100 Å) foils.

Special caution should be exercised for use of ultrat
carbon foils in the instruments in low earth orbit. High
reactive atomic oxygen is the most abundant constituen
the atmosphere between 200 and 500 km altitudes. The
lision energy of impinging oxygen atoms with respect to
spacecraft is;5 eV ~for orbital velocity 7–8 km/s!, and ma-
terials exposed to oxygen atom flux are subject to potenti
severe chemical etching. Study of bulk graphite etching
low earth orbit show that one C atom is etched for ev
eight incident O atoms.396 Such an etching yield would resu
in etching out one layer of carbon atoms in 2–3 min in a 4
km altitude orbit. Thus an ultrathin carbon foil directly e
posed to the ram oxygen atom flux would not survive m
than a few hours in low earth orbit.

2. ENA interaction with foils

ENA penetration of a thin foil results in particle energ
loss, scattering, possible change of its initial charge st
and emission of electrons from the foil surface~Fig. 18!.
These processes depend on the ENA energy and mass
the composition and thickness of the target and are gene
well understood.397–405

Energy loss and scattering:ENA scattering and energ
loss occur due to collisions and interactions with solid bo

FIG. 19. Energy-loss statistics of H1 and He1 transiting a 1.1mg/cm2 car-
bon foil: ~a! energy loss~E02EC , whereEC is the most probable energy o
transmitted particles! relative to incident energyE0 and ~b! energy spread
~FWHM! relative toEC . ~After Ref. 216.!
Rev. Sci. Instrum., Vol. 68, No. 10, October 1997
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electrons and lattice ions. These interactions are a statis
process, and an incident monoenergetic and collimated
ticle beam would be characterized by a certain energy
angular distributions after leaving the foil~Fig. 18!. Both the
relative mean energy loss~i.e., energy loss divided by the
incident particle energy! and relative energy spread increa
with the decreasing incident particle energy~Fig. 19!.216 The
relative energy spread becomes comparable to the mean
ergy of transmitted particles at energies,1000 eV. For ex-
ample, for 1000 eV hydrogen atoms incident on 2.7mg/cm2

carbon foil, the mean energy after the foil isE5670 eV, the
energy spread, full width half-maximum~FWHM! is DE
5140 eV, andDE/E'0.21.406 For incident hydrogen atom
with the energy 600 eV,DE/E'0.5.217

Monte Carlo computer simulations were shown to ac
rately describe particle energy loss and scattering for a gi
target composition.407 The widely used computer code, Th
Transport of Ions in Matter~TRIM!405,408allows one to per-
form extensive simulations of particle penetration throu
various thin films and ultrathin foils.216 A major problem in
such simulations is the uncertainty of the real foil para
eters, in particular ultrathin foil thickness.

Figure 20 demonstrates the energy dependence of
average scattering angle in an ultrathin (1.1mg/cm2) carbon
foil for H, He, and O ENAs.216 The particle scattering limits
the accuracy of ENA trajectory reconstruction by measur
coordinates of two trajectory points in the sensor~Fig. 14!.
Scattering significantly increases with the decreasing ene
and with the increasing particle mass for a given energy. T
reconstruction of the incoming particle trajectory with a
accuracy of 3° can be done for H atoms with the energyE
.4 keV, for He atoms withE.14 keV, and for O atoms for
E.40 keV. Scattering in the foil is determined mostly b
multiple small angle scatterings; only rarely is the partic
deflected by a large angle in a close collision. Correspo
ingly the angular distribution of particles after the foil can
roughly described by a Gaussian function with a small lar
angle tail due to rare collisions.400

FIG. 20. Scattering of H, He, and O ENAs in a 1.1mg/cm2 carbon foil;c1/2

is the angular scattering half-width.~After Ref. 216.!
3639Neutral atom imaging
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Charge state:Many low-energy ENA instruments@Fig.
16~A!# are based on ENA conversion to ions in foil passa
An incident ENA can be either stripped to a positive ion,
emerge as a negative ion, or stay neutral. The efficienc
ENA detection by the foil-stripping technique is directly pr
portional to the ENA stripping efficiency. The charge of t
emerging particle is determined by the average charge o
ion moving inside the foil and the processes at particle e
from the foil.

An incident particle looses its initial charge after pass
through the first 2–3 atomic layers in the foil, and the e
charge state thus does not depend on the initial cha
Therefore the experimental data on ion interaction with
trathin foils can be directly applied to ENAs. When a partic
leaves the foil as a positive ion, the probability of electr
capture from the exit surface strongly depends on part
velocity. A higher exiting velocity translates into less tim
spent near the surface and correspondingly lower probab
of neutralization.

The charge fraction measurements for H, He, and
ENA species were performed mostly for energies higher t
several keV.216,255,409–412Charge fractions of many other en
ergetic particles were measured in support of the deve
ment of thin-foil heavy-ion TOF analyzers.410,413–416The en-
ergy dependence of the positive fraction is shown for H, H
and O ENAs in Fig. 21.216

The stripping technique is especially efficient forE
.10 keV/nucleon, but can be used for ENAs with energ
as low as 100 eV. Experimental data on charge fractions
E,1000 eV are scarce. The first measurements in the 2
3000 eV range established the following energy depende
for hydrogen after the carbon foil:f 1(%)53.0EkeV and
f 2(%)52.3EkeV for positive and negative fractions, respe
tively, whereEkeV is in keV.406 The hydrogen charge frac
tions were recently measured411,412for energies down to 500
eV; these measurements confirmed the earlier406 results. The
foil stripping technique would provide ENA detection effi
ciency up to 1% for energy;300 eV.

For hydrogen ENAs, the positively charged ion fracti
is always higher than the negatively charged fract

FIG. 21. The probability that H, He, and O exit a 1.1mg/cm2 carbon foil as
positive ions. The solid lines are to guide the eye.~After Ref. 216.!
3640 Rev. Sci. Instrum., Vol. 68, No. 10, October 1997
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after the foil.255,406,409,411For oxygen ENAs, the negative
fraction is higher than the positive one for energi
,50 keV,255,413,416for example by a factor of 5 for 10–20
keV. Hence negatively charged ions can be efficiently u
for detection of oxygen ENAs in ultrathin foil instrumen
@Fig. 16~A!#. The negative ion fraction can be further in
creased by modifying the foil exit surface by electronegat
materials such as cesium.

Secondary electron emission:Secondary electron emis
sion under bombardment of atomic particles involves sev
physical processes.417–421At first energetic electrons are co
lisionally produced inside the solid body by a fast movi
particle. The electrons are transported to the surface, w
finally they must overcome the surface potential barrier
leave the body. The number of the produced energetic e
trons is roughly proportional to the particle energy loss p
unit length ~eV/Å!, and the secondary electron yield corr
spondingly increases with the increasing particle energy.
depth of electron escape from solid body varies from 10
15 Å for metals up to;100 Å for dielectrics. Electron emis
sion from a thin foil determines detection efficiency of th
direct-exposure ENA instruments@Fig. 16~B!# which could
be about 15% for 3 keV hydrogen ENAs, and decreases
idly to 0.5% with the energy decreasing to 600 eV.217

Electron emission occurs from both sides of the fo
forward and backward.253,422–427There is an asymmetry in
electron yield, which depends on ENA energy. If a sign
cant part of the particle energy is lost during the foil penet
tion, then more energetic electrons are produced near the
surface exposed to the incoming beam and the backw
electron yield is higher. If only a small fraction of ENA
energy is lost, then usually the forward emission is high
because of the apparent preferential direction of the elec
motion after their birth in the foil.

An unconventional secondary electron multiplier w
proposed on the basis of forward electron emission us
several ultrathin foils in series with voltages between
foils to accelerate the electrons.424 Not only emitted electrons
could be multiplied in the foils but also an incoming ene
getic particle would deposit all its energy in several conse
tive foils thus producing the maximum possible electr
emission.

A conventional thin-foil TOF spectrometer allows one
determine only velocities of low-energy ENAs without ma
identification. Electron emission provides a means to dis
guish among ENAs with the same velocity but differe
masses~and energies!.24,249,253More energy would be lost by
ENAs with higher mass~energy! and correspondingly the
electron yield would be higher. Thus the differences in nu
bers of emitted electrons can be used for mass identificat

Such mass identification relies on statistical properties
electron emission, i.e., the distribution of probabilities
emission of one, two, etc. electrons. Statistics of the elec
emission under heavy particle bombardment was extensi
studied for solid bodies.427–435 The measurements of th
emission statistics from the foils are limited.253,425,426,431De-
viations from a Poissonian distribution are a common feat
of the electron emission from both solid bodies and foils,
particular the higher probability of emitting zero electro
Neutral atom imaging
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oil
~i.e., no emission! is experimentally observed.
The detailed study of the electron emission statis

from ultrathin carbon foils showed that it would be possib
to distinguish between hydrogen and oxygen ENAs,
separation of helium is more difficult.253 The measuremen
of pulse heights from MCP detecting electrons is succe
fully used for ENA mass identification in the INCA instru
ment on Cassini.24

The foils could be sputtered by bombarding particles
ENA instruments. Sputtering yield depends on incoming p
ticle mass and energy436 and is usually much less than uni
for light atoms. ENA fluxes in space are weak, and for
practical purposes one can disregard such foil degradati

3. EUV interaction with foils

Thin-film filters ~500–1500 Å! efficiently block back-
ground EUV/UV photon flux in high-energy ENA instru
ments~Fig. 15!, while in low-energy ENA instruments, th
photon flux is only partially attenuated by ultrathin foils~Fig.
16!. The foils are directly exposed to the incoming radiatio
and the photoelectrons that are indistinguishable from
electrons emitted by ENA passage may swamp the elec
detectors.

External photoemission from solids is well understo
and widely used in photon detectors~photomultipliers!. The
photoelectron yield from the exposed side of an ultrathin
would be somewhat smaller than from the bulk mate
since some photons pass through the foil without absorpt

FIG. 22. Forward photoemission yield of carbon foil at 584 and 1216
The low yield at 584 Å limits further information beyond 7.0mg/cm2; x is
the foil thickness (m g/cm2) in the approximation formulas.~After Ref.
437.!
Rev. Sci. Instrum., Vol. 68, No. 10, October 1997
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Similarly to the ENA-induced electron emission, the forwa
photoelectron emission is most important in ENA instr
ments.

Forward photoelectron yield~a number of photoelec
trons per incident photon! was experimentally established fo
the 2 – 14mg/cm2 foil thickness range at 584 and 121
Å.437,438 The yields ~Fig. 22! can be best described438 as
2.6310233exp(20.38x) for 1216 Å and 1.331022

3exp (20.77x) for 584 Å, wherex is the foil thickness in
mg/cm2. For example, approximately 105 photoelectrons/s
would be forward emitted from a foil of 2.5mg/cm2 thick-
ness, 1 cm2 area, and 1 sr field of view, pointed from 1 AU a
the ‘‘darkest’’ possible direction~500R in H I Ly-a!.

Carbon foil transmittance437,439 at 1216 Å is shown in
Fig. 23.438 The transmittance thickness dependence can
best described438 as 0.263exp(20.37x), wherex is the foil
thickness inmg/cm2. The foil transmittance at 584 Å can b
described438 as 0.103exp(20.56x).

E. Electrostatic mirrors

Electron transfer from the foil to the detector~Fig. 14!
has to preserve information on the position of electron em
sion and allow precise fixing of the moment of emission. T
latter requirement means that the electron TOF between
foil and the detector should be independent of the point
emission, and such systems are called isochronous. If e
trons are accelerated to the same energy, then their fl
distances should be equal in an isochronous device. The
plest arrangement is to position an electron detector par
to the foil surface, however such a configuration will not

.

FIG. 23. Transmittance of the carbon foil at 1216 Å as function of f
thickness;x is the foil thickness (mg/cm2) in the approximation formulas.
~After Ref. 438.!
3641Neutral atom imaging
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the normal-incident incoming particle to go through. The
fore the electron detector parallel to the foil can be use
the incoming particles impinge on the foil at a large ang
say 45°.37,328,440

Non-normal ENA incidence is inconvenient, the foil
effectively thicker, and geometrical transparency of the s
porting grid is smaller. It is preferable to mount the fo
normally to the incident particles and to position the elect
detector off the sensor axis without exposing it directly to
accompanying EUV/UV photons. Excellent timing and im
aging properties were achieved by magnetic isochron
electron transport systems.441–443 Bulky and heavy field
shielding and high power consumption preclude their use
compact space instruments.

An alternative isochronous electron transport device
the basis of an electrostatic mirror~Fig. 14! was introduced
in nuclear physics spectrometers in 1980.368 The first grid
near the foil accelerates electrons to several keV. After tr
eling in the field-free zone, the electrons turn 90° in t
reflection field, and after crossing the field-free zone ag
would reach the detectorD1 . The electron flight distance
are independent of the place of emission.

The electrostatic mirror also transfers an ENA-form
image from the foil to the detectorD1 ~Fig. 14!. The energy
distribution of the emitted electrons usually peaks at 1–2
and has a long ‘‘tail’’ of higher energy electrons. A realist
electron accelerating voltage is limited to several kV.
simple analysis shows that uncertainty in transport of po
tion information is mostly due to the initial lateral electro
velocity, which would limit electrostatic mirror performanc
to an approximate 30330 pixel image. Such an image wou
correspond to about 1 mm position resolution for a 30-m
diam detector. An electron has to traverse grids several ti
on its way from the foil to the detector; one-dimension
~harp! high-transparency (>0.95) grids are often used t
minimize electron losses.

F. Diffraction filters

Separation of ENA particles from intense EUV/U
background radiation is one of the most important requ
ments to ENA instruments. Diffraction filters were sugges
in the early 1980s to simultaneously provide efficient su
pression of the incident EUV/UV radiation and high tran
mission for incoming particles.177,225 Diffraction filtering is
based on the photons ability to pass through a stra
channel-pore~slit! in a filter only if the channel diameter~slit
width! is much larger than the photon wavelength. In co
trast to photons, an ENA passes through the channel free
it does not collide with the channel walls. Thus diffractio
filters permit separation of incident ENAs from EUV/U
photons and would serve as particle collimators. The requ
ments to filters include efficient suppression of EUV/UV r
diation, high geometrical transparency to ENAs, and m
chanical robustness.

Diffraction filtering is used in the far infrared wave
length regions. For example, the reflection of radiation
porous structures with pore diameters in the micron rang
utilized in ‘‘superinsulator’’ shields for thermal protection i
high-vacuum low-temperature environment. Radiation s
3642 Rev. Sci. Instrum., Vol. 68, No. 10, October 1997
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pression in the EUV/UV spectral range requires filters w
an opening size of 1000 Å or less. Initial development
submicron structures for ENA imaging and EUV astronom
cal applications was based on nuclear track filt
~NTF!,177,225,444,445and it led to successful demonstration
EUV filtering.444

NTFs are fabricated by etching nuclear tracks produ
by penetration of thin~1–20mm! films ~mica, lavsan, mak-
rofol, etc.! by high-energy (>1 MeV/nucleon) heavy
(.100 amu) ions.446–448 Almost perfectly cylindrical pores
with diameters varying from 40 Å to 10mm can be reliably
produced in films. Combining technological steps with d
ferent etching properties, channels with complex profi
could be obtained, e.g., funneled channels or channels
the cones at the entrance and exit connected by a stra
part. NTF applications vary from diffusion enrichment
uranium to separation of cancer cells in the blood to clar
cation and cool stabilization of wine and beer by sieving o
bacteria, sediment, and yeast.446–448

It was eventually concluded that NTFs are of limite
practical use for ENA imaging because of their inheren
low geometrical transparency.225,229,230,449~Substrate sup-
ported NTFs are successfully used in space solar and a
physical observations.450,451! The filter holes are distributed
randomly across the film with a rapid increase in hole ov
lapping with the increasing filter geometrical tran
parency.448,449Hole overlapping affects both filter EUV/UV
transmission and mechanical robustness. Although N
with geometrical transparency up to 10% have been fa
cated, filters with high geometrical transparency beco
highly fragile yet must withstand severe vibrations a
shocks of the rocket launch. NTFs generally remain m
chanically strong for geometrical transparencies below 1

Alternative technologies that can be used for diffracti
filter fabrication include microchannel plates, anodyca
oxidized aluminum membranes, freestanding transmiss
gratings, and ion and laser hole ‘‘drilling’’ in filter films.225

MCPs present a highly ordered structure with geometr
transparency up to 90%,349 but the desired filter FOV would
require MCP thickness and channel diameters far beyond
present-day technology. Laser and ion beam drilling of ch
nels has its own inherent limitations.225

Porous structures can be found in anodic oxide films
aluminum.452,453 When aluminum is anodized in a suitab
electrolyte, a porous oxide layer develops on the surface.
film consists of the close-packed hexagonal array of ce
each containing a cylindrical pore. The pore size and
pore density depends on anodizing voltage~typically 10–200
V!, whereas thickness of the porous layer is controlled c
lombically. The pores are essentially parallel and pore si
are in the 100–2500 Å range. The film thickness can be o
100 mm, and geometrical transparency up to 0.25 can
obtained.

Recently developed technology allows detachment of
porous films by a programmed anodizing voltage reduct
sequence.453–456It is possible not only to separate a poro
film from the bulk of aluminum but the interface region o
this film containing irregularly shaped pores can be etch
out.453,454,456A highly ordered metal~platinum and gold!
Neutral atom imaging
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nanohole array was recently fabricated by a two-step re
cation of an anodic aluminum porous membrane.457 This
metal array presents a closely packed honeycombed stru
;700 Å in diameter and 1–3mm thick.

Honeycomb structures on the basis of anodic membra
are not suitable yet for use as EUV/UV filters. Howev
further development of this technology may lead to efficie
diffraction filters for ENA instruments. Analysis of the cu
rently available technologies points to the highly promisi
characteristics of freestanding transmission gratings
should both attenuate and polarize radiation.225

A schematic view of a freestanding transmission grat
is shown in Fig. 24. The grating consists of a set of para
gold bars with the period,p, and the geometrical transpa
ency,g5d/p, approximately one half. The grating bars a
supported by an extra large-mesh grid~not shown in the
figure! and an overall grating geometrical transparency
be as high as 0.25. Standard available freestanding gra
have a period of 2000 Å and useful area of 5311 mm. Grat-
ings can be mosaiced to increase the sensitive area. T
mission gratings are manufactured at the Massachusett
stitute of Technology by a sequence of steps includ
holographic lithography, ion and reactive-ion etching, a
electroplating.226,227,458–462The gratings are being produce
for NASA’s Advanced X-Ray Astrophysics Facility~AXAF !
where 336 transmission gratings will be flown as a part
the high energy transmission grating~HETG! spectrom-
eter.463,464The present-day technology allows fabrication
gratings with a 1000 Å period.461

Although the AXAF requirements are confined to thi
film-supported gratings, a spin-off of the new technology
freestanding transmission gratings~Fig. 24!. The freestand-
ing gratings allowed laboratory demonstration of the de B
glie diffraction of neutral atoms,465,466 and they have been
successfully launched for the first time on the Solar and
liospheric Observatory~SOHO! mission as a diffracting ele
ment in the solar EUV spectrophotometer.467 Transmission
gratings can be used in a standing-alone or crossed-tan
configurations for EUV/UV filtering,225 and they would al-
low one to achieve efficient radiation suppression and h
~5%–25%! geometrical transparency for ENAs.228–231

FIG. 24. Schematic representation of a freestanding transmission gra
The supporting large-mesh grid is not shown.
Rev. Sci. Instrum., Vol. 68, No. 10, October 1997
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EUV transmission measurements of gratings are com
cated by strong dependence on the incident light polar
tion. One can introduce the grating transmissionTP(l) for
transmission of the light polarized parallel to the grati
metal bars, and the grating transmissionTS(l) for transmis-
sion of the light polarized perpendicular to the grating me
bars.229,230 The (TP /TS) ratio may be as high as.100 at
some wavelengths. The monochromatic light produced
any realistic testing facility is partially polarized. Thoug
synchrotron light sources provide highly polarized radiatio
the radiation at the monochromator exit would be partia
polarized because of finite angles of acceptance into
monochromator system.468

Grating filtering properties can be obtained, using p
tially polarized radiation, by independent measurement
grating transmission at two grating orientations that are m
tually perpendicular and normal to the incident phot
beam.229,230From such measurements one can determine
sum of grating transmissionsTSUM(l)5TP(l)1TS(l). The
transmissionT0 of the incident ‘‘unpolarized’’ light by a
single grating isT0(l)5TSUM(l)/2.

An example of the measured grating transmissionT0 in
the zeroth diffraction order is shown in Fig. 25 for the 520
1400 Å wavelength range.231 The grating parameters were
periodp52000 Å, gapd5620 Å, geometrical transparenc
g5d/p50.31, and thicknessh54940 Å. The overall~with
supporting structure! grating geometric transparency, i.e
transmission to ENA fluxes, was'14%.

Total grating transmission~i.e., radiation intensity in all
transmitted diffraction orders! decreases almost three orde
of magnitude with the wavelength increasing from 520
1300 Å, from T0'1.731022 down to 231025 ~Fig. 25!.
One can see that the usually bright 1216 Å line would
attenuated by a factor of 53104 by a single grating. Even
more efficient EUV/UV radiation suppression can
achieved by two crossed-tandem gratings,225,229,230i.e., by
two sequentially installed and perpendicularly oriented gr
ings. The theoretical model and a computer code simula
grating filtering properties458 were experimentally verified in
the EUV wavelength range.231

g.

FIG. 25. Spectral dependence of the grating transmissionT0 of unpolarized
light. Experimental points~circles! show excellent agreement with compute
simulations~thin line! of the transmission in the zeroth diffraction orde
Theoretically calculated total transmission~transmitted radiation in all dif-
fraction orders! is shown as a thick line. Grating structure period is 2000
geometrical transparencyg5d/p50.31; grating thickness 4940 Å.
3643Neutral atom imaging
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A transmission grating would serve as a collimator
incoming particles. In our example, the grating collima
would have an angleu52 arctan(d/h)514.3° in the plane
XZ and ‘‘unlimited’’ field of view ~say640°! in the plane
YZ ~Fig. 24!. Transmission gratings can be used in
straightforward way in one-dimensional ENA imaging i
struments with 5°–10°FOV~1 pixel! in one direction and
8–20 pixels 4°–10° each in another perpendicular direct

The efficiency of grating performance can be illustrat
by an example of a direct exposure instrument@Fig. 16~B!#
in the presence of nightglow and dayglow in the terrest
environment. Let us consider an instrument without a tra
mission grating filter with a 10°320° FOV and sensitive
area of 0.08 cm2; the sensitive area is equivalent to a
311 mm grating sensitive area multiplied by a total grati
geometric transparency of 0.14. For a nightglow intens
3600R,273 the background photon flux into an instrume
would be'23106 s21 in the 400–1400 Å spectral range
The incident background photons would trigger the detec
both directly and via photoelectrons emitted from the ult
thin foil. The resulting (1 – 5)3104 detector count rate ca
be tolerated by MCPs, but it would lead to a random coin
dence rate.50 s21 unacceptably high for ENA measure
ments. Thus ENA measurements by unprotected dir
exposure instruments are practically impossible in
presence of nightglow and entirely impossible in the pr
ence of the much brighter dayglow.

For an instrument with a single transmission grating
ter at the entrance and identical geometric factor~i.e., a
10°320° FOV and sensitive area 5311 mm!, the detector
background count rates would be about 1 and 30 s21 in the
presence of nightglow and dayglow, respectively. For s
counting rates the random coincidences are negligible. T
transmission grating filters would make it possible to use
direct-exposure ENA instruments, which are most sensi
to background radiation, even in the presence of dayglow

G. Interaction with surfaces

Detection of ultralow-energy~from few eV up to severa
hundred eV! ENAs in space presents a special challenge. T
ENA energy is not sufficient to pass through an ultrathin fo
and foil stripping efficiency and electron emission yield f
dramatically. ENA number densities are,1 cm23. The low-
est density that can be detected by a state-of-the-art ne
gas mass spectrometer, such as on Cassini, is abo
3104 cm23. In some exceptional cases,469 when an instru-
ment is deeply cooled~as it was on Apollo 17 during luna
nighttime!, the sensitivity can be improved to 102 cm23.
Therefore any conventional technique based on electron
pact ionization of neutrals and subsequent analysis and
tection of the ions is not applicable for ENAs.

The idea behind an alternative approach with a mu
better sensitivity is to use an instrument sensitive to the
of neutral particles instead of an instrument sensitive to
neutral particle number density. Even a small~1–20 km/s!
neutral particle velocity relative to the spacecraft would
sult in a large flux of atoms into the instrument, and eve
small detection efficiency of individual atoms would result
high sensitivity to the neutral particle density.
3644 Rev. Sci. Instrum., Vol. 68, No. 10, October 1997
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1. Secondary ion emission

A straightforward approach to build an instrument se
sitive to the particle flux is to use secondary electron or s
ondary ion emission from a sensitive surface bombarded
the incoming ENA flux. An example of a secondary io
emission instrument is the interstellar neutral helium detec
on Ulysses~see Sec. VII C 1!.175,176A similar approach was
used in the PIPPI-MCP instrument on ASTRID to dete
magnetospheric ENAs.22,23 Measuring ENAs using second
ary electrons is virtually impossible because of the supe
background photoelectron emission. Secondary ion emis
instruments allow particle detection without the capability
energy or mass analysis, and consequently such instrum
have limited applications.

2. Surface conversion to negative ions

An alternative approach to measure ultralow-ene
ENAs in space, first suggested in 1983,177 was formulated in
detail in the early 1990s.470 The technique is based on th
surface neutral-to-negative ion conversion, followed by m
analysis and detection of the negative ions.10 It is important
that negative ions are usually absent in space plasma
addition, all charged particles with energies,100 keV are
prevented from entering ENA instruments by deflecto
Hence the detected negative ions are uniquely due to
interaction of the incoming neutral atom flux with the co
version surface.

Negative ion conversion techniques have been well
veloped for the production of high-intensity negative H a
D ion beams that, after stripping, are used for fusion plas
energy pumping.471,472The conversion on surfaces into neg
tive ions was first suggested for fusion plasma corpusc
diagnostics in the late 1970s.473,474This detection application
of the effect was emphasized later475–477and a practical de-
vice was finally built in the early 1990s.312,313 The surface
conversion technique is sometimes misidentified with s
ondary ion emission~Section VI G 1!; these two techniques
are based on different physical processes.

Various surfaces can be used as converters of imping
neutral atoms and molecules into negative ions. Atom c
version is generally described by electron tunneling to
classically moving atom. The negative ion yield is a conv
lution of the reflection coefficient and the charge trans
probability.10,471,478,479The affinity level of the atom ap-
proaching the metal surface gradually shifts due to the att
tive interaction with its image charge in the metal.480 At a
certain distance from the surface the shifted level crosses
level of the work function of the metal so that electrons c
tunnel through and be captured by the atom. The initia
sharp affinity level is broadened into a band of a finite wid
The distance from the surface at which electrons can be
tured is 6 – 8a0 ~a0 is a Bohr radius! for a partially cesium
covered tungsten substrate.481

After reflection from the surface, on the outbound leg
the particle trajectory when the affinity level becomes ag
higher than the work function level the electron may tunn
from the negative ion back to the empty metal states. Suc
model corresponds to a zero temperature surface, and
Neutral atom imaging
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conversion to a negative ion has an energy threshold equ
the difference between the work function and the unp
turbed affinity energy.479 If the converter temperature is no
zero, then the electron distribution is smeared around
Fermi level.482 This level smearing as well as broadening
the ion affinity level would allow electrons tunneling bo
ways when the particle is within a certain range of distan
from the surface and would result in lowering of the effecti
energy threshold.

Knowing the electron transition frequency, it is possib
to calculate the equilibrium probability for the atom to b
negatively charged at a certain distance from the surfa
Introducing further the motion of the atom~described classi-
cally! and integrating the rate equation, one can determ
the probability that the atom leaves the surface as a nega
ion. The charge transfer probability depends on both com
nents of the atom velocity, parallel and perpendicular to
surface. For ENA velocities much smaller than the velocit
of surface electrons, the charge transfer probability is de
mined mostly by the velocity component normal to t
surface.481 The highest conversion efficiencies are charac
istic of surfaces with a low work function and a high dens
of electron states at the Fermi level. The most developed
well studied conversion surfaces are metals covered by a
layers, e.g., by cesium, which provide the highest values
conversion efficiency.

As an example, the calculated normal-energy dep
dence~supported by the experimental data! of negative hy-
drogen ion formation is shown for three different surfaces
Fig. 26.483 For hydrogen ENAs with a normal velocity of 3
km/s (;6.4 eV) the fraction of negative ions among the p
ticles reflected from the tungsten surface W~100! covered by
a thick layer of cesium, is 5%–7%. A very thin cesium lay
~half a monolayer! may give a much higher negative io
fraction.481 However, there are difficulties in maintainin
such a surface in a space instrument, and the use of a
cesium layer may be preferable. An overall conversion co
ficient of several percent could be expected for such hyd
gen ENAs.483–485

FIG. 26. Calculated negative-ion formation probability for H atoms leav
the surface along the normal vs energy. The solid line is for half a mo
layer Cs coverage, the dashed line is for full monolayer Cs coverage, an
chain-dashed line is for a thick Ba coverage of the W~110! surface.~After
Ref. 483.!
Rev. Sci. Instrum., Vol. 68, No. 10, October 1997
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The work function of the surface is very sensitive to t
degree of its coverage by cesium. For example, a clean
face of ann-type ~100! silicon substrate has a work functio
4.75 eV, while the work function is 2.00 and 1.47 eV for th
same surface covered by a monolayer of cesium and b
half of a monolayer of cesium, respectively.486 Controlled
oxidation of cesium may lead to further lowering of the wo
function down to 0.9 eV. For thick layers of cesium oxide
where the substrate is not crucial, work functions of the or
of 1 eV have been reported.486,487 Sputtering and implanta
tion processes are unimportant for a bombardment by
energy neutral atoms, and complex multicomponent conv
ers of cesium oxides—a mixture of Cs/Cs2O/Cs2O2—can be
used for ENA detection. Such promising surfaces can
several hundred angstroms thick, their work functions
independent of the substrate compositions, and the ces
oxides have a vapor pressure much lower than p
cesium.487 An exposure of oxygenated cesium surfaces
large fluxes of hydrogen may result in changes of ab
60.1 eV of work function.486

The photoemission properties of the conversion surf
would depend strongly on its work function. Hence, the m
surement of photoelectron emission could be used in fli
instruments to monitor conditions on the conversi
surface.10,258Cesiated surfaces, although providing high co
version efficiencies, are not easy to maintain. Cesium
also a high vapor pressure, which could lead to instrum
contamination. Metal surfaces covered by layers of alka
other than cesium, such as Na, Rb and K can also be use
detection of hydrogen ENAs.477,484

Barium recently emerged as an efficient convers
surface.471,483,487,488Barium is a much more stable and co
venient material to use although initial activation—b
heating487 up to 1200 K or by sputtering off several surfac
atomic layers—is needed to eliminate the oxide layer a
provide a metal-type surface. The ambient space plasma
be used to sputter the conversion surface: plasma ions c
be sucked in, focused, and accelerated for such a purp
The low density of the solar wind plasma may require s
eral days of sputtering to accumulate the necessary d
Another possible surfaces under the study are LaB6 that also
requires heating to a temperature 1400 K for activation471

and diamond.489,490

Different metals, such as W and Mo,491 as well as Mg,
Cu, Au, and Pt also may serve as a conversion surface
though the typical conversion efficiencies are usually v
low: 1024– 1026. Such low efficiencies are high enoug
however to measure 5 eV oxygen atom fluxes at low ea
orbit. The selection of the type of the conversion surface a
a way to activate and control it, as well as the stability of t
surface and the necessity to refresh it during a long dura
space flight require further detailed study.

The process of neutral surface conversion to nega
ions has an energy~normal component! threshold equal to
the difference between the surface work function and e
tron affinity of the particle. All atoms and molecules th
have a positive electron affinity can form negative ions a
can be studied by the conversion technique. Electron affi
ties of hydrogen~deuterium! and oxygen atoms that are o

-
the
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great interest for the heliospheric, magnetospheric, io
spheric, and atmospheric ENA studies are 0.74 and 1.46
respectively. Work functions of various surfaces that ha
been used for particle conversion are presented in Tabl
some of these surfaces are especially promising for sp
applications.10

Only the conversion of hydrogen and deuterium ato
with E.100 eV has been studied extensively. Conversion
a few other species was also measured: O,492 C,492,493C2,

494

O2,
495,496and I2.

489 Although surface production of negativ
ions is qualitatively understood, quantitative agreement
tween theory and experiment has been achieved only by
justing some parameter~usually screening distance!. Conse-
quently, one has to be cautious in making specific numer
predictions of energy thresholds and conversion probabili
without experimental verification.

Special consideration should be given to the possibi
of measuring helium ENA fluxes. Helium ENAs that car
important scientific information are expected in both ma
netospheric and heliospheric environment. The surface c
version technique was originally proposed forin situ mea-
surement of ultralow-energy hydrogen, deuterium, a
oxygen ENA fluxes.10,470Later it was asserted that the tec
nique would be efficient for detection of helium ENA
too.257,258

Helium is known to have very weakly bound~0.076 eV!
metastable negative ion state He2(4P).497,498 He2 can be
formed from neutral He in an excited3S state 19.8 eV above
the ground state level, and helium conversion to nega
ions was demonstrated only on Na surfaces.476,499The maxi-
mum negative fraction peaked at 0.14%,476,499 and not at
14% as was erroneously stated.257 This maximum yield is
achieved for helium ions leaving the surface with energie
the 8–12 keV range. The negative fraction yield rapidly fa
down to 0.02% with the energy decreasing to 2 keV. It w
found that helium conversion efficiency dramatically d
pends on cleanness of the Na surface and is especially

TABLE II. Work functions of conversion surfaces used in experiments.a

Surface Work function~eV!

Cs/Cs2O/Cs2O2 0.90–1.45
Cs ~0.5 ML on W ~100!! 1.45
Cs ~0.5 ML on Si~100!! 1.45
Cs ~1 ML on Si~100!! 2.00
Si~100! n-type 4.75
Ba/BaO 1.8–2.2
Ba 2.5
W~100! 4.6
Na 2.7
K 2.2
Rb 2.1
LaB6 2.3–2.6
Ni~110! 5.04
Cu~111! 4.9
Pt~111! 5.7
Ag~111! 4.7
diamond~111! 5.4
Li 2.9
Mo~111! 4.6
ThO2 3.0–4.0

aAfter Ref. 10.
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sitive to the surface contamination by carbon and oxygen476

The ENA conversion efficiency is a convolution of th
reflection coefficient and the energy-dependent nega
charge fraction yield. The energy dependence of nega
fraction yield is determined by the physical mechanism476,499

that requires helium initial excitation to a highly energe
state. Such an excitation may occur only in rare close co
sions with target atoms,499 and the probability of such colli-
sions would precipitously decrease with the decreasing
ticle energy. Weakly bound metastable He2 is susceptible to
destruction through deexcitation in the vicinity of the su
face, and the probability of leaving the surface as a nega
ion would also decrease with the decreasing ion ene
These effects result in vanishing conversion efficiency
incident He energies less than several hundred eV, wh
makes the technique inapplicable for ultralow-energy heli
ENAs.

The potential problem for the surface conversion te
nique is a possibility of producing negative ions by sputt
ing previously adsorbed atoms and molecules. Energetic
with energy.100– 200 keV~flux 1 cm22 s21 sr21 at 1 AU
from the Sun! would pass the ion deflector at the entran
and would hit the conversion surface, sputtering nega
ions. Photosputtering of surface atoms500 by the background
EUV/UV radiation may also contribute to negative ion pr
duction. Most of the surface contamination may come fro
the adsorption of atoms and molecules outgassing from
instrument elements and the spacecraft itself. Therefor
special effort must be devoted to maintaining a clean conv
sion surface in the instrument.

VII. REPRESENTATIVE ENA INSTRUMENTS

A. High-energy ENA instruments

1 Solid-state detector instrument on CRRES

A medium energy ion and neutral atom spectrome
was flown on the Combined Release and Radiation Effe
Satellite~CRRES! in 1991 in a low-earth orbit.125 The instru-
ment was capable of measuring ENA flux and energy w
the imaging capabilities provided by spacecraft pointing. T
measurement technique was based on ion momentum
charge separation in a 7 kGmagnetic field followed by par-
ticle detection by solid-state detectors~Fig. 27!.21 A sensor,
located directly in line with the collimator, measured ma
netospheric ENAs and had an ion rejection up
;50 MeV amu/q2. The ENA detector was ofp-type silicon
to improve light rejection and reduce radiation damage
20mg/cm2 aluminum surface deposit determined ener
thresholds for particles.

The signal from the ENA solid-state detector was pul
height analyzed with an 8-bit resolution in 256 levels, pr
viding information on total particle energy. To reduce nois
silicon sensors, preamplifiers, and electronic box w
cooled down to255, 212, and 0 °C, respectively. A rathe
small instrument geometrical factor (1023– 1022 cm2 sr) re-
sults in low count rates and very limited imaging capab
ties. For example, the integral ENA count rate above 40 k
at 600 km altitude is about 1 s21 during a large geomagneti
storm.125
Neutral atom imaging
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FIG. 27. Principle of operation of the medium energy ion and neutral atom spectrometer on CRRES which is based on ion momentum, mass d
energy analysis using a 7 kGmagnet and an array of cooled solid-state sensors.~After Ref. 21.!
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The strong magnetic field in a 5 mmentrance gap was
produced by SmCo permanent magnets. An iron yoke c
pletely surrounded the magnetic field except the entra
aperture, for reduction of the magnetic stray fields. Sh

FIG. 28. Schematic of the high-energy ENA imager, which consists o
collimator/deflector, an imaging TOF detector for measuring the arrival
rection and velocity of the incoming neutrals, and a solid state detecto
measuring their energy.~After Ref. 111.!
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and dimensions of the yoke were optimized to reduce
instrument mass~5.7 kg!. The advantages of the instrume
include simplicity, particle energy analysis, and low pow
consumption; the disadvantages are related to small g
metrical throughput and lack of internal imaging capabilitie

2. High-energy neutral particle imager

A powerful high-energy ENA imager with mass ident
fication capabilities is shown in Fig. 28.111 A simplified con-
ceptually similar instrument has been launched as a par
the HEP instrument on the GEOTAIL spacecraft.20 The par-
allel plates at the instrument111 entrance collimate ENAs in
one dimension and eliminate~deflect! incoming charged par-
ticles. Plate serration reduces particle forward scattering
the sensor. An incoming ENA passes through two thin fo
at the front~foil no. 1! and back~foil no. 2! of the sensor.
The secondary electrons emitted from the foils are acce
ated toward a central electrostatic mirror and directed tow
two MCP-based position-sensitive detectors, which are a
START and STOP detectors for the TOF analyzer.

The measured positions of the electron impinging on
MCP detectors are used for reconstruction of the part
trajectory in the sensor, and correspondingly the incom
ENA trajectory~flight direction!. The uncertainty in the tra-
jectory resulted from

~1! ENA scattering in the foil No. 1 and
~2! the effect of initial electron energy on electron transp

in electrostatic mirrors.

The electrostatic mirrors are isochronous for electrons em
ted from both foil No. 1 and foil No. 2, and the measureme
of the time interval between electron detections establis
particle velocity in the sensor. After passage of an incom
ENA through both foils, its total energy is measured by
solid-state detector.

The imager determines ENA trajectory, ENA velocit
and energy~and correspondingly mass!. ENA detection re-
quires signals from all three detectors, two MCP detect

a
i-
or
3647Neutral atom imaging
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and a solid-state detector, within a well defined time inter
(,200 ns). The triple coincidence requirement assures
tually noise-free ENA detection. If an ion with high energ
say.1 MeV, passes through the deflector, its energy and
velocity are measured by the instrument, and such an e
would be rejected as a non-ENA detection.

Background EUV/UV photons would produce phot
electrons from the thin foils triggering MCP detectors. F
No. 1 must be thick enough~e.g.,.600 Å! to attenuate the
EUV/UV to an acceptable level, so that MCP detectors
not swamped by noise counts~i.e., keep count rates
,1000 s21!. The thin foil and the energy threshold of th
solid-state detector establish instrument energy thresho
.(10– 20) keV/nucleon.

3. ENA imaging camera INCA on Cassini

The ion neutral camera~INCA!, probably the most ad
vanced ever-built ENA instrument, was developed for

FIG. 29. Schematic of the ion neutral camera~INCA! head, side view. ENA
penetrates the front foil~located in horizontal piece across narrow entran
gap!, producing secondary electrons, and travels to the back foil in fron
the two-dimensional imaging MCP position-sensitive detector. Dots indic
the location of wire electrodes for secondary electron steering.~After Ref.
24.!
3648 Rev. Sci. Instrum., Vol. 68, No. 10, October 1997
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Cassini mission~launch October 1997! to Saturn~Fig. 29!.24

The INCA’s entrance includes a serrated plate fan char
particle deflector with a FOV of 90°3120°. The deflector
plates are constructed of epoxy graphite composite
coated with a conductive coating.24 The plates are serrated t
minimize ENA forward scattering, and electric potentials
to 66 kV are applied to the alternate plates. The deflec
prevents charged particles with energies up to 500 kee
from entering the instrument.

A specially designed three-layer foil438,501 at the en-
trance slit is 9.5mg/cm2 Si, 6.0mg/cm2 Lexan, and
3.0mg/cm2 C. The foil composition is optimized to maxi
mize UV suppression while providing high electron yield.438

The foil attenuates 1216 Å radiation by four orders of ma
nitude, and it would scatter incoming 50 keV protons by
~FWHM! and 200 keV O by 7°.

Secondary electrons emitted from the entrance foil
steered toward the imaging one-dimensional MCP detec
which determines the ENA entrance coordinate normal to
plane of Fig. 29 and produces a START signal for the TO
analyzer. A two-dimensional imaging MCP detector fix
particle position at the back of the sensor and provide
STOP signal for the TOF analyzer. Electrons backward em
ted from a thin foil at the entrance of the stop MCP detec
are directed toward a coincidence MCP detector.

The measured particle coordinates allow reconstruc
of a two-dimensional ENA trajectory within the instrume
90°3120° FOV; the time interval between signals from t
START and STOP detectors determine particle velocity
side the sensor. The triple coincidence ENA detection e
ciently suppresses noise. A triple coincidence random no
rate due to background EUV/UV radiation is expected to
about seven events per year.24

The secondary electrons forward emitted from the foil
front of the STOP detector are accelerated into the stop M
detector. The ENAs with identical velocities but differe
masses would have different energies~proportional to par-
ticle mass!. Different energy losses in the foil result in
different number of the forward emitted electrons. INCA c
reliably distinguish between hydrogen and oxygen ENAs
recording the pulse height of the MCP signal.24

f
te
FIG. 30. Schematic of the advanced low-energy ENA imager for a spinning spacecraft.~LENA! low-energy ENA,~ESA! electrostatic analyzer, and~SE!
secondary electron.~After Ref. 216.!
Neutral atom imaging



FIG. 31. Schematic of the direct-exposure low-energy ENA instrument for neutral solar wind studies.~PM! permanent magnet,~EM! electrostatic mirror;~TF!
ultrathin foil; ~NTF! optional diffraction~nuclear track! filter; and (D1 ,D2 ,D3) MCP detectors.~After Ref. 182.!
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B. Low-energy ENA instruments

1. ENA foil stripping analyzer

The first flown ENA instrument119,212was based on ENA
stripping in an ultrathin foil and subsequent analysis a
detection of positive ions by a simple electrostatic analy
~Fig. 8!. The technique of ion energy and mass analysis
nificantly improved since then, and much more sophistica
efficient and compact analyzers were developed.

An advanced foil stripping ENA imager216 for a spinning
spacecraft is shown in Fig. 30. Low-energy ENAs transi
collimator that sets polar and azimuthal fields of view a
passes through a 1.1mg/cm2 carbon foil. The ionized
~stripped! ENAs enter a hemispheric electrostatic analyz
Most of the stripped ENAs are singly charged, and if an
energy is within the electrostatic analyzer passband, it wo
reach the ion detector.

The ion detector itself is a combination of another ult
thin foil and two MCP position-sensitive detectors. An io
transiting this second foil produces secondary electron em
sion. Measurement of the coordinates of both electron
particle impact positions allows reconstruction of the traj
tory of the incident ENA. The time interval between electr
and particle detections establishes the velocity of the ion
efficiently suppresses noise counts as well. Since the ion
ergy was selected by electrostatic analyzer, the ENA’s m
can be determined.~Introduction of the diffraction filters al-
lows one to use the first foil for generation of the STAR
signal.182,230,231Thus it would become possible to combin
energy and TOF analyses in a simpler configuration with
thin foil only.502!

The ENA imager design~Fig. 30! allows one to build
instruments with such exceptionally large geometrical f
tors as 1 (cm2 sr keV!/keV, especially suitable for detectio
of weak ENA fluxes.216 The instrument’s instantaneous FO
could be 120°32° with 120°3360° coverage during on
spacecraft spin; the nominal angular resolution is 2°32°
FWHM and the energy range 0.8–30 keV for hydrog
ENAs.

2. ENA direct-exposure analyzer

A direct-exposure ENA instrument was developed
study the solar wind neutral component.182,217It consists of a
collimator/baffle, permanent magnet deflector, optional d
fraction filter, and an ultrathin foil TOF analyzer~Fig. 31!.
When a background EUV/UV photon enters the analyze
Rev. Sci. Instrum., Vol. 68, No. 10, October 1997
d
r
-

d,

a

r.
n
ld

-

s-
d
-

d
n-
ss

e

-

-

it

may be either absorbed by the foil~with possible photoelec-
tron emission and triggering of an electron detector,D1 or
D2! or pass through the foil and trigger the ‘‘particle’’ de
tector,D3 . An ENA arrival may result in triggering both the
electron detector~or two electron detectors! and the particle
detector. Thus one can extract a weak signal due to EN
from the superior photon background by counting double
triple coincidences. By measuring time intervals between
detections of electrons and corresponding particles one
termines ENA velocity distribution. The FOV and sensitiv
area of the sensor are restricted by the requirement to l
MCP count rates by,104 s21.

ENA detection efficiency~the probability to produce a
TOF event! is determined by the efficiency of electron emi
sion from the foil and particle detection byD3 , and it de-
creases with the decreasing energy from 15% atE
53000 eV down to;0.5% atE5600 eV. Energy~velocity!
resolution of the instrument is determined by straggling a
scattering in the ultrathin foil; it is aboutE/DE'2 at E
51000 eV, and it improves with the increasing EN
energy.182,217The diffraction filter~NTF in Fig. 31! technol-
ogy was not developed at the time of building the neut
solar wind instrument. Recently introduced transmiss
grating filters~Sec. VI F! make it possible to build a concep
tually similar highly efficient compact ENA analyzers wit
internal imaging capabilities. Such instruments would be
pecially attractive for applications when miniaturization
required.

C. Ultralow-energy ENA instruments

1. Secondary ion emission instrument GAS on
Ulysses

The Ulysses GAS experiment is designed to direc
measure the flux of interstellar helium in the sol
system.153,154,174–176The instrument~Fig. 32! is based on
secondary emissions from a lithium fluoride~LiF! surface
bombarded by the ultralow-energy~30–100 eV! interstellar
helium atoms. The incoming ENAs are converted into s
ondary electrons and ions, and depending on the polarit
the accelerating voltage either electrons or positive ions
be accelerated and detected by CEMs. The instrument
sists of two independent detection channels with differ
FOV, light baffle, electrostatic deflector, LiF furnace for in
flight refreshing of the sensitive surfaces, and a quartz cry
to monitor LiF deposition.176 An integrated turntable in con
3649Neutral atom imaging
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FIG. 32. Cross sections of the sensor head~schematic! of instrument GAS on Ulysses,~1! conversion plate with heater, evaporated with lithium-fluoride~LiF!,
~2! quartz crystal for monitoring LiF evaporation process,~3! furnace LiF supply,~4! CEM, ~5! CEM electronics,~6! tungsten filaments to stimulate CEMs
~7! vacuum-tight cover in closed~dashed lines! and open position,~8! electrostatic deflection system,~9,10,11,12! circular apertures defining the FOV o
channel I and II,~13! light baffle. ~After Ref. 176.!
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junction with the spin of the spacecraft permits scanning
the celestial sphere with resolution of a few degrees.

A clever choice of the sensitive surface material w
crucial to the success of this experiment. In order to ma
mize secondary ion emission, the choice of the surface
terial is determined by the requirement to contain relativ
light atomic species to facilitate momentum transfer in c
lisions with impinging helium atoms. To minimize photo
scattering and electron emission due to EUV/UV backgrou
~mostly HI Ly-a 1216 Å!, the material should be transpare
to radiation. Lithium fluoride is the material of choice th
provides high yield up to several percent of Li1 ions. Photo-
sputtering of LiF by EUV/UV radiation is not a problem i
this application, although one has to be cautious since
perimental data on photosputtering of earth alkalis
scarce.500,503
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The maximum Ly-a suppression requires the highe
possible transparency of the sensitive surface mate
Freshly deposited LiF layers are highly transparent to Lya,
but after some time photoelectron emission increases. Ev
small absorption of radiation~that is photon interaction with
material electrons! would increase photoelectron emissio
Surface layer modification would also increase photon s
tering and adversely affect secondary ion emission. The
fore the instrument sensitive surface is refreshed periodic
in flight by depositing several new layers of LiF. A tin
furnace, filled with 2 mm3 of LiF, is heated by telecomman
up to about 600 °C, where mild evaporation of LiF refresh
the sensitive surface. Special custom-made miniature CE
with low intrinsic noise are used as detectors. The sm
detector size minimizes the noise count rate due to pene
ing cosmic radiation and tog rays from the radioisotope
FIG. 33. Schematic of ultralow-energy surface conversion ENA instruments.~A! Accelerated negative ions are mass analyzed by the mass analyzer~e.g.,
magnetic or quadrupole! and detected by a simple CEM detector.~B! Accelerated negative ions are detected and mass analyzed by a TOF analyzer.
Neutral atom imaging
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thermal generator~RTG! that provides power to the spac
craft.

Most of the interstellar helium measurements are p
formed in the secondary ion counting mode. In this mode
EUV/UV background is nearly completely suppressed si
photoelectrons released from the surface cannot reach
CEM entrance because of its bias voltage; photons ca
reach it either because the CEM is placed in ‘‘shadow.’’

2. Conversion surface instruments

Detection of ultralow energy ENAs by surface conve
sion to negative ions is an emerging field of space instrum
tation driven by potential science return. A possible sc
matic of ultralow-energy ENA instruments is shown in Fi
33. The instrument design can be optimized depending
the species to be measured and experimental requiremen
only a few species are to be detected and the neutral par
flux is relatively high, for example O atoms at low ear
orbit, then negative ions formed at the conversion surf
can be accelerated up to a certain voltage, pass throu
mass analyzer~e.g., quadrupole or magnetic! and be detected
by an ion detector@Fig. 33~A!#. Such an application does no
require highly efficient conversion, and simple and sta
surfaces~e.g., gold! can be used.

For low-intensity magnetospheric and heliospheric EN
fluxes, the negative ions are accelerated and separated~not
shown! from electrons and photons, mass analyzed and
tected in a noise-free mode by a TOF analyzer@Fig. 33~B!#.
Various designs of ion analyzers can be effectively emplo
for negative ion collection, separation from electrons a
photons, and ion mass analysis.10,11,257,258,504

VIII. DISCUSSION

Almost three decades of ENA instrument developm
led to practical implementation of ENA imaging of spa
plasmas. Dedicated simple ENA instruments were rece
flown on CRRES21 and ASTRID22,23 missions in low-earth
orbit. A sophisticated first large-size ENA camera24 will per-
form imaging of the Saturn’s magnetosphere on the Cas
mission to be launched in October 1997. ENA instrume
covering a broad energy range will image the terrestrial m
netosphere on the IMAGE mission to be launched in Janu
2000. Several other space missions are in different stage
planning and design. Simultaneous magnetosphere ima
from several spatially separated spacecraft will open the
for stereoscopic imaging.505

ENA instrument development continues with the emp
sis on expanding energy range, improving mass, and en
identification capabilities and imaging resolution. Increase
instrument geometric factor~throughput! remains an ever-
present issue, in particular for compact instruments.

A. High-energy ENA instrumentation

One can expect further integration of electronics w
multianode solid-state detectors, increasing number and
of individual anodes and performing as much as poss
signal handling on the detector substrate. An INCA ima
and various instruments on its basis are suitable for flying
Rev. Sci. Instrum., Vol. 68, No. 10, October 1997
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many missions and will provide the most detailed inform
tion on characteristics of high-energy ENAs in space.

B. Low-energy ENA instrumentation

The foil-stripping technique is mature and ready for a
plications on a variety of missions. A large foil-strippin
imager, as in Fig. 30, would provide a breakthrough in i
aging of the terrestrial magnetosphere. A combination
newly developed transmission grating diffraction filters w
the direct-exposure technique would allow building a n
generation of highly efficient ENA imagers with the wid
~0.5–70 keV! energy range. Diffraction filters will allow one
to improve EUV/UV noise suppression in various other EN
instruments.

C. Ultralow-energy ENA instrumentation

Possible applications of the secondary ion emission te
nique are limited, since it is not capable of mass and ene
analysis, and thus can be used efficiently only when com
sition and energy of incoming particles are known and
goal is to establish ENA angular distribution~i.e., to obtain
the image!. The technique can be further improved by se
ondary electron-secondary ion coincidence detection
would introduce new imaging and noise-suppress
capabilities.392

An exceptionally promising surface conversion-t
negative ions technique when fully developed will provide
tool for in situ study of interstellar gas, heliospheric, ma
netospheric, and ionospheric ENAs, tenuous exosphere
planets, comets, and asteroids, as well as monitoring
atomic and molecular oxygen at the low earth orbit.10 The
technique requires extensive laboratory development, a
mulation of an experimental database, and feasibility dem
stration. it is necessary not only to convert ENAs to negat
ions, but to confidently relate negative ion properties to th
of incoming ENAs. The technique development and testi
as sometimes overlooked, requires the use of a reliable
trolled beam of fast neutral atoms~a few eV–1000 eV! in the
ground state. Even a small contamination of the beam
metastable atoms, which are routinely produced in cha
exchange, may significantly distort the measurements.

ACKNOWLEDGMENTS

The author benefitted enormously throughout ma
years from discussions on various issues related, directl
indirectly, to the study of energetic neutral atoms in spa
plasmas. Many colleagues provided insight, gave sugg
tions, sent articles prior to publication, participated in c
laborative work, and provided encouragement. I am grate
to each and all of them. Although it is impossible to menti
all, I would like to especially thank Ian Axford, Vladimi
Baranov, Jean-Loup Bertaux, Ara Chutjian, Charles Cur
Alex Dessler, Tony Donne´, Hans Fahr, Priscilla Frisch, Her
Funsten, George Gloeckler, Lev Gorn, Stan Grzedziel
Marek Hlond, Tom Holzer, Johnny Hsieh, Darrell Judg
Alexander Kalinin, Boris Khazanov, Rosine Lallement, Mik
Lampton, Vladas Leonas, Vitalii Liechtenstein, Yur
Malama, Dave McComas, Don Mitchell, Alexander Mitro
3651Neutral atom imaging



e
n
n
-

so

.

n,

dy
, J

s

en

on
N

.

. A

e

es

ic

,

g

ll

-
,

,

d

z

.
-

fanov, Eberhard Moebius, Ed Roelof, Helmut Rosenbau
Marek Rubel, Daniel Rucinski, Earl Scime, Mark Schatte
burg, Milos Seidl, Don Shemansky, Henk Voss, Bere
Wilken, and Manfred Witte. This work was partially sup
ported by NASA grants.

1E. C. Roelof and D. J. Williams, Johns Hopkins APL Tech. Dig.9, 144
~1988!.

2E. C. Roelof and D. J. Williams, Johns Hopkins APL Tech. Dig.11, 72
~1990!.

3J. W. Freeman, Jr., inPhysics and Astrophysics from a Lunar Base, AIP
Conference Proceedings No. 202, edited by A. E. Potter and T. L. Wil
~AIP, New York, 1990!, pp. 9–16.

4D. J. McComaset al., Proc. Natl. Acad. Sci. USA88, 9598~1991!.
5D. J. Williamset al., Rev. Geophys.30, 183 ~1992!.
6K. C. Hsiehet al., Astrophys. J.393, 756 ~1992!.
7Hsieh, K. C.et al., in Solar Wind Seven, edited by E. Marsch and R
Schwenn~Pergamon, New York, 1992!, pp. 365–368.

8E. C. Roelof, inSolar Wind Seven, edited by E. Marsch and R. Schwen
~Pergamon, New York, 1992!, pp. 385–394.

9M. A. Gruntman, Planet. Space Sci.40, 439 ~1992!.
10M. A. Gruntman, Planet. Space Sci.41, 307 ~1993!.
11K. C. Hsieh and M. A. Gruntman, Adv. Space Res.13 ~6!, 131 ~1993!.
12M. A. Gruntman, J. Geophys. Res.99, 19213~1994!.
13E. C. Roelof, Eos Trans. AGU65, 1055~1984!.
14H. D. Vosset al., Planetary Plasma Environments: A Comparative Stu,

Proceedings of Yosemite ’84 edited by C. R. Clauer and J. H. Waite
~AGU, Washington, DC, 1984!, pp. 95–6.

15J. W. Chamberlain, Planet. Space Sci.11, 901 ~1963!.
16B. A. Tinsley, Fundamentals of Cosmic Physics, edited by A. G. W.

Cameron~Gordon and Breach, New York, 1974!, pp. 201–300.
17J. W. Chamberlain and D. M. Hunten,Theory of Planetary Atmosphere

~Academic, New York, 1987!.
18J.-L. Bertaux and J. E. Blamont, Space Res.X, 591 ~1970!.
19R. R. Meier, Space Sci. Rev.58, 1 ~1991!.
20T. Dokeet al., J. Geomag. Geoelectr.46, 713 ~1994!.
21H. D. Vosset al., J. Spacecr. Rockets29, 566 ~1992!.
22S. Barabashet al., Abstracts, Chapman Conference on Measurem

Techniques for Space Plasma, ~AGU, Santa Fe, NM, 1995!, p. 50.
23O. Norberg et al., Proceedings of the 12th European Symposium

Rocket and Balloon Programmes and Related Research, Lillenhamer,
way, 1995, pp. 273–7.

24D. G. Mitchell et al., Opt. Eng.32, 3096~1993!.
25M. F. Smithet al., Instrumentation for Magnetospheric Imagery II, Proc.

SPIE 2008, edited by S. Chakrabarti,~SPIE, Bellingham, WA, 1993!, pp.
41–56.

26C. L. Johnson and M. Herrmann, Opt. Eng.33, 329 ~1994!.
27L. A. Frank et al., Opt. Eng.33, 391 ~1994!.
28S. Orsiniet al., Instrumentation for Magnetospheric Imagery, Proc. SPIE

1744, edited by S. Chakrabarti,~SPIE, Bellingham, WA, 1992!, pp. 91–
101.

29M. A. Gruntman, Eos Trans. AGU, Spring Meeting Suppl.,75 ~16!, 271
~1994!.

30J. A. Joselyn, Rev. Geophys.33, 383 ~1995!.
31F. T. Tacsione and A. J. Preble, Eos Trans. AGU, Fall Meeting Suppl76

~46!, F431~1995!.
32E. Hildner, Eos Trans. AGU, Fall Meeting Suppl.,76 ~46!, F431~1995!.
33V. V. Afrosimov and M. P. Petrov, Sov. Phys. Techn. Phys.12, 1467

~1968!.
34H. P. Eubank, inDiagnostics for Fusion Experiments, edited by E. Sin-

doni and C. Wharton~Pergamon, New York, 1979a!, pp. 7–16.
35M. Brusati, inDiagnostics for Fusion Experiments, edited by E. Sindoni

and C. Wharton~Pergamon, New York, 1979!, pp. 35–46.
36I. H. Hutchinson,Principles of Plasma Diagnostics~Cambridge Univer-

sity Press, Cambridge, 1987!.
37G. Gloeckler and K. C. Hsieh, Nucl. Instrum. Methods165, 537 ~1979!.
38B. Wilken et al., Nucl. Instrum. Methods196, 161 ~1982!.
39B. Wilken and W. Studemann, Nucl. Instrum. Methods222, 587 ~1984!.
40B. Wilken, Rep. Prog. Phys.47, 767 ~1984!.
41D. J. McComas and J. E. Nordholt, Rev. Sci. Instrum.61, 3095~1990!.
42D. J. McComaset al., Proc. Natl. Acad. Sci. USA87, 5925~1990!.
43D. T. Young, inSolar System Plasma Physics, Geophysical Monograph
3652 Rev. Sci. Instrum., Vol. 68, No. 10, October 1997
r,
-
d

n,

r.

t

or-

54, edited by J. H. Waite Jr., J. L. Burch, and R. L. Moore~AGU, Wash-
ington, DC, 1989!, pp. 143–157.

44A. G. Ghielmetti and E. G. Shelley, Nucl. Instrum. Methods Phys. Res
298, 181 ~1990!.

45G. Gloeckler, Rev. Sci. Instrum.61, 3613~1990!.
46D. C. Hamiltonet al., Rev. Sci. Instrum.61, 3104~1990!.
47E. Mobiuset al., Rev. Sci. Instrum.61, 3609~1990!.
48G. Gloeckleret al., Astron. Astrophys. Suppl.92, 267 ~1992!.
49D. Hovestadtet al., Sol. Phys.162, 441 ~1995!.
50R. A. Mapleton,Theory of Charge Exchange~Wiley, New York, 1972!.
51C. F. Barnettet al., Atomic Data for Fusion, Collisions of H, H2 , He, and

Li Atoms and Ions with Atoms and Molecules~Oak Ridge National Labo-
ratory, 1990!, ORNL-6086/VI.

52W. N. Spjeldvik and P. L. Rothwell, inHandbook of Geophysics and th
Space Environment, edited by A. S. Jursa~Air Force Geophysics Labora-
tory, 1985!, ~5-1!–~5-55!.

53S.-I. Akasofu,Physics of Magnetospheric Substorms~Reidel, Dordrecht,
1977!.

54G. L. Siscoe, inSolar System Plasma Physics, Vol. II, Magnetospher,
edited by C. F. Kennel, L. J. Lanzerotti, and E. N. Parker~North-Holland,
Amsterdam 1979!, pp. 319–402.

55Solar System Plasma Physics, Vol. II, Magnetospheres, edited by C. F.
Kennel, L. J. Lanzerotti, and E. N. Parker~North-Holland, Amsterdam,
1979!.

56Energetic Ion Composition in the Earth’s Magnetosphere, edited by R. G.
Johnson~Kluwer, Boston, 1983!.

57L. R. Lyons and D. J. Williams,Quantitative Aspects of Magnetospher
Physics, ~Kluwer, Boston, 1984!.

58The Solar Wind and the Earth, edited by S. I. Akasofu and Y. Kamide
~Kluwer, Dordrecht, Boston, 1987!.

59Modeling of Magnetosphere Plasma Processes, edited by R. Wilson
~American Geophysical Union Washington, DC, 1991!.

60G. Paschmann, ‘‘The Magnetopause,’’ inGeomagnetism, edited by J. A.
Jacobs~Academic, New York, 1991!, Vol. 4, pp. 295–331.

61M. Schulz, ‘‘The Magnetosphere,’’ inGeomagnetism, edited by J. A.
Jacobs~Academic, New York, 1991!, Vol. 4, pp. 87–293.

62Y. Kamide and W. Baumjohann,Magnetosphere-Ionosphere Couplin
~Springer, Berlin, 1993!.

63W. D. Gonzaleset al., J. Geophys. Res.99, 5771~1994!.
64Introduction to Space Physics, edited by M. G. Kivelson and C. T. Russe

~Cambridge University Press, Cambridge, 1995!.
65D. Stern, Rev. Geophys.27, 103 ~1989!.
66D. Stern, Rev. Geophys.34, 1 ~1996!.
67T. E. Moore and D. C. Delcourt, Rev. Geophys.33, 175 ~1995!.
68Radiation Belts: Models and Standards, edited by J. F. Lemaire, D. Hey

nderickx, and D. N. Baker~American Geophysical Union, Washington
DC, 1996!.

69D. J. Williams, Space Sci. Rev.42, 375 ~1985!.
70J. T. Goslinget al., J. Geophys. Res.96, 7831~1991!.
71B. T. Tsurutaniet al., Geophys. Res. Lett.19, 73 ~1992!.
72E. Hildner, inEruptive Solar Flares, edited by Z. Svestka, B. V. Jackson

and M. E. Machado~Springer, Berlin, 1992!, pp. 227–233.
73A. J. Hundhausen, J. Geophys. Res.98, 13177~1993!.
74B. T. Tsurutani and W. D. Gonzalez, Phys. Fluids B5, 2623~1993!.
75J. T. Gosling, Phys. Fluids B5, 2638~1993!.
76J. T. Gosling, J. Geophys. Res.98, 18937~1993!.
77A. J. Dessler and E. N. Parker, J. Geophys. Res.64, 2239~1959!.
78A. J. Dessleret al., J. Geophys. Res.66, 3631~1961!.
79E. C. Roelof, Geophys. Res. Lett.14, 652 ~1987!.
80N. F. Ness, inSolar System Plasma Physics, Vol. II, Magnetospheres,

edited by C. F. Kennel, L. J. Lanzerotti, and E. N. Parker~North-Holland
Amsterdam, 1979!, pp. 183–206.

81C. T. Russell, inSolar System Plasma Physics, Vol. II, Magnetospheres,
edited by C. F. Kennel, L. J. Lanzerotti, and E. N. Parker~North-Holland,
Amsterdam, 1979!, pp. 207–252.

82C. T. Russellet al., in Mercury, edited by F. Vilas, C. R. Chapman, an
M. S. Matthews~The University of Arizona Press, Tucson, AZ, 1988!, pp.
514–561.

83Venus, edited by D. M. Hunten, L. Colin, T. M. Donahue, and V. I. Moro
~The University of Arizona Press, Tucson, AZ, 1983!.

84J. G. Luhmannet al., in Mars, edited by H. H. Kiefer, B. M. Jakosky, C
W. Snyder, and M. S. Matthews~The University of Arizona Press, Tuc
son, AZ, 1992!, pp. 1090–1134.
Neutral atom imaging



,
e,

am-
ental

of
-

85Jupiter, edited by T. Gehrels~The University of Arizona Press, Tucson
AZ, 1976!.

86Physics of the Jovian Magnetosphere, edited by A. J. Dessler~Cambridge
University Press, Cambridge, 1983!.

87Saturn, edited by T. Gehrels and M. S. Matthews~The University of
Arizona Press, Tucson, AZ, 1984!.

88Uranus, edited by J. T. Bergstrahl, E. D. Miner, and M. S. Matthews~The
University of Arizona Press, Tucson, AZ, 1991!.

89L. J. Lanzerotti, Geophys. Res. Lett.19, 1991~1992!.
90B. T. Tsurutaniet al., Geophys. Res. Lett.19, 1993~1992!.
91A. Meloni et al., Rev. Geophys. Space Phys.21, 795 ~1983!.
92C. W. Anderson, inSolar System Plasma Physics, Vol. III, edited by L. J.

Lanzerotti, C. F. Kennel, and E. N. Parker~North Holland, Amsterdam,
1979!, pp. 323–327.

93D. J. Williams, inSolar System Plasma Physics, edited by L. J. Lanzerotti,
C. F. Kennel, and E. N. Parker~North Holland, Amsterdam, 1979!, Vol.
III, pp. 327–330.

94A. W. Peabody, inSolar System Plasma Physics, edited by L. J. Lanze-
rotti, C. F. Kennel, and E. N. Parker~North Holland, Amsterdam, 1979!,
Vol. III, pp. 349–352.

95W. H. Campbell, inSolar System Plasma Physics, edited by L. J. Lanze-
rotti, C. F. Kennel, and E. N. Parker~North Holland, Amsterdam, 1979!,
Vol. III, pp. 352–356.

96G. A. Pauliskas, inSolar System Plasma Physics, edited by L. J. Lanze-
rotti, C. F. Kennel, and E. N. Parker~North Holland, Amsterdam, 1979!,
Vol. III, pp. 330–336.

97M. A. Shea and D. F. Smart, Eos Trans. AGU, Fall Meeting Suppl.76
~46!, F431~1995!.

98S. DeForest, inSolar System Plasma Physics, edited by L. J. Lanzerotti,
C. F. Kennel, and E. N. Parker~North Holland, Amsterdam, 1979!, Vol.
III, pp. 336–339.

99H. B. Garret, Rev. Geophys. Space Phys.19, 577 ~1981!.
100D. J. Williams, in Magnetospheric Physics, edited by B. Hultqvist and

C.-G. Falthammer~Plenum, New York, 1990!, pp. 83–101.
101D. Stern, Eos Trans. AGU77, 165 ~1996!.
102R. L. Rairdenet al., Geophys. Res. Lett.10, 533 ~1983!.
103R. L. Rairdenet al., J. Geophys. Res.91, 13613~1986!.
104G. E. Thomas and R. C. Bohlin, J. Geophys. Res.77, 2752~1972!.
105D. E. Shemansky and D. T. Hall, J. Geophys. Res.96, 4143~1992!.
106A. T. Lui et al., Geophys. Res. Lett.23, 2641~1996!.
107E. C. Roelofet al., J. Geophys. Res.90, 10991~1985!.
108A. F. Cheng, J. Geophys. Res.91, 4524~1986!.
109K. C. Hsieh and C. C. Curtis, Geophys. Res. Lett.15, 772 ~1988!.
110A. F. Cheng and S. M. Krimigis, inSolar System Plasma Physics, edited

by J. H. Waite Jr., J. L. Burch, and R. L. Moore~AGU, Washington, DC,
1989!, pp. 253–260.

111A. F. Chenget al., Remote Sens. Rev.8, 101 ~1993!.
112B. R. Sandelet al., Remote Sens. Rev.8, 147 ~1993!.
113M. Hesseet al., Opt. Eng.32, 3153~1993!.
114K. R. Moore et al., Instrumentation for Magnetospheric Imagery, Proc.

SPIE 1744 edited by S. Chakrabarti~SPIE, Bellingham, WA, 1992!, pp.
51–61.

115K. R. Mooreet al., Opt. Eng.33, 342 ~1994!.
116C. J. Chase and E. C. Roelof, Johns Hopkins APL Tech. Dig.16, 111

~1995!.
117S. Barabashet al., Adv. Space Res.16 ~4!, 81 ~1995!.
118C. J. Chase and E. C. Roelof, Adv. Space Res.18 ~1997!.
119W. Bernsteinet al., J. Geophys. Res.74, 3601~1969!.
120B. A. Tinsley, J. Atmosph. Terr. Phys.43, 617 ~1981!.
121S. Orsiniet al., J. Geophys. Res.99, 13489~1994!.
122I. A. Daglis and S. Livi, Ann. Geophys.~Germany! 13, 505 ~1995!.
123P. De Michelis and S. Orsini, J. Geophys. Res.102, 185 ~1997!.
124J. Moritz, Z. Geophys.38, 701 ~1972!.
125H. D. Vosset al., Opt. Eng.32, 3083~1993!.
126S. Noel and G. W. Prolss, J. Geophys. Res.98, 17317~1993!.
127L. Davis Jr., Phys. Rev.100, 1440~1955!.
128E. N. Parker, Astrophys. J.134, 20 ~1961!.
129A. J. Dessler, Rev. Geophys. Space Phys.5, 1 ~1967!.
130W. I. Axford, in Solar Wind, NASA SP-308~NASA, 1973!, pp. 609–

660.
131W. I. Axford, in Physics of the Outer Heliosphere, edited by S. Grzedz-

ielski and D. E. Page~Pergamon, New York, 1990!, pp. 7–15.
132A. J. Hundhausen,Coronal Expansion and Solar Wind~Springer, Berlin,

1972!.
Rev. Sci. Instrum., Vol. 68, No. 10, October 1997
133A. J. Hundhausen, inIntroduction to Space Physics, edited by M. G.
Kivelson and C. T. Russell~Cambridge University Press, Cambridg
1995!, pp. 91–128.

134P. A. Isenberg, inGeomagnetism, edited by J. A. Jacobs~Academic, New
York, 1991!, Vol. 4, pp. 1–85.

135J. L. Phillipset al., Science268, 1030~1995!.
136A. J. Lazarus and R. L. McNutt, Jr., inPhysics of the Outer Heliosphere,

edited by S. Grzedzielski and D. E. Page~Pergamon, Oxford, 1990!, pp.
229–234.

137S. T. Suess, J. Geophys. Res.98, 15147~1993!.
138D. P. Cox and R. J. Reynolds, Ann. Rev. Astron. Astrophys.25, 303,

~1987!.
139P. C. Frisch, inPhysics of the Outer Heliosphere, edited by S. Grzedz-

ielski and D. E. Page~Pergamon, New York, 1990!, pp. 19–28.
140P. C. Frisch, Space Sci. Rev.72, 499 ~1995!.
141H. J. Fahr, Space Sci. Rev.15, 483 ~1974!.
142T. E. Holzer, Rev. Geophys. Space Phys.15, 467 ~1977!.
143G. E. Thomas, Ann. Rev. Earth Planet. Sci.6, 173 ~1978!.
144J.-L. Bertaux, IAU Colloq. No. 81, NASA CP 2345, 1984, pp. 3–23.
145S. T. Suess, Rev. Geophys.28, 97 ~1990!.
146V. B. Baranov, Space Sci. Rev.52, 89 ~1990!.
147H. J. Fahr and H. Fichtner, Space Sci. Rev.58, 193 ~1991!.
148V. B. Baranovet al., Sov. Phys. Dokl.15, 791 ~1971!.
149V. B. Baranov and Yu. G. Malama, J. Geophys. Res.98, 15157~1993!.
150V. B. Baranov and Yu. G. Malama, J. Geophys. Res.100, 14755~1995!.
151R. Lallementet al., Science260, 1095~1993!.
152P. Bertinet al., J. Geophys. Res.98, 15193~1993!.
153M. Witte et al., Adv. Space Res.13, 121 ~1993!.
154M. Witte et al., Space Sci. Rev.78, 289 ~1996!.
155J. Geiss and M. Witte, Space Sci. Rev.78, 229 ~1996!.
156P. Frisch and J. D. Slavin, Space Sci. Rev.78, 223 ~1996!.
157J. Luhmann, J. Geophys. Res.75, 13285~1994!.
158H. J. Fahr, Astrophys. Space Sci.2, 474 ~1968!.
159R. R. Meier, Astron. Astrophys.55, 211 ~1977!.
160F. M. Wu and D. L. Judge, Astrophys. J.231, 594 ~1979!.
161J. M. Ajello et al., Astrophys. J.317, 964 ~1987!.
162D. T. Hall et al., J. Geophys. Res.98, 15185~1993!.
163E. Mobiuset al., Nature~London! 318, 426 ~1985!.
164E. Mobius, inPhysics of the Outer Heliosphere, edited by S. Grzedzielski

and D. E. Page~Pergamon, Oxford, 1990!, pp. 345–354.
165G. Gloeckleret al., Science261, 70 ~1993!.
166J. Geisset al., Astron. Astrophys.282, 924 ~1994!.
167T. F. Adams and P. C. Frisch, Astrophys. J.212, 300 ~1977!.
168J. T. Clarkeet al., Astron. Astrophys.139, 389 ~1984!.
169H. J. Fahr, Astron. Astrophys.241, 251 ~1991!.
170V. Izmodenovet al., Astron. Astrophys.317, 193 ~1997!.
171P. M. Banks, J. Geophys. Res.76, 4341~1971!.
172H. J. Fahret al., Astron. Astrophys.102, 359 ~1980!.
173M. A. Gruntman, J. Geophys. Res.101, 15555~1996!.
174H. Rosenbauer and H. J. Fahr, ‘‘Direct measurement of the fluid par

eters of the nearby interstellar gas using helium as a tracer. Experim
proposal for the Out-of-Ecliptic Mission, Internal Report’’~Max-Planck-
Institut fur Aeronomie, Katlenburg-Lindau, Germany, 1977!.

175H. Rosenbaueret al., ESA SP-1050, 123~1984!.
176M. Witte et al., Astron. Astrophys. Suppl. Ser.92, 333 ~1992!.
177M. A. Gruntman and V. B. Leonas, ‘‘Neutral solar wind: possibilities

experimental investigation,’’ Report~Preprint! 825 ~Space Research In
stitute ~IKI !, Academy of Sciences, Moscow, 1983!.

178H. J. Fahr, Astrophys. Space Sci.2, 496 ~1968!.
179K. C. Hsiehet al., Instrumentation for Magnetospheric Imagery, Proc.

SPIE 1744, edited by S. Chakrabarti~SPIE, Bellingham, 1992!, pp. 72–
78.

180M. A. Gruntman, Sov. Astron. Lett.8, 24 ~1982!.
181J. H. Moore Jr. and C. B. Opal, Space Sci. Instrum.1, 377 ~1975!.
182M. A. Gruntmanet al., in Physics of the Outer Heliosphere, edited by S.

Grzedzielski and D. E. Page~Pergamon, New York, 1990!, pp. 355–358.
183S. Bleszynskiet al., Planet. Space Sci.40, 1525~1992!.
184W. I. Axford et al., Astrophys. J.137, 1268~1963!.
185T. N. L. Pattersonet al., Planet. Space Sci.11, 767 ~1963!.
186A. J. Hundhausen, Planet. Space Sci.16, 783 ~1968!.
187P. Blum and H. J. Fahr, Astron. Astrophys.4, 280 ~1970!.
188T. E. Holzer, J. Geophys. Res.77, 5407~1972!.
189L. A. Fisk et al., Astrophys. J.190, L35 ~1974!.
190M. A. Lee, inPhysics of the Outer Heliosphere, edited by S. Grzedzielski
3653Neutral atom imaging



-

-

the

s-
E

.

n-

-
on
ane,

s

e-
and D. E. Page~Pergamon, Oxford, 1990!, pp. 157–168.
191J. R. Jokipii and J. Giacalone, Space Sci. Rev.78, 137 ~1996!.
192A. Czechowskiet al., Astron. Astrophys.297, 892 ~1995!.
193K. C. Hsiehet al., Eos Trans. AGU, Spring Meet. Suppl.78 ~17!, S260

~1997!.
194J. W. Chamberlain,Physics of the Aurora and Airglow~Academic, New

York, 1961!.
195W. I. Axford, J. Geophys. Res.99, 19199~1994!.
196N. Fukushima, J. Geophys. Res.99, 19133~1994!.
197C. T. Russell, inIntroduction to Space Physics, edited by M. G. Kivelson

and C. T. Russell~Cambridge University Press, Cambridge, 1995!, pp.
1–26.

198Discovery of the Magnetosphere, edited by C. S. Gillmor and J. R. Spre
iter ~American Geophysical Union, Washington, DC, 1997!.

199A. B. Meinel, Phys. Rev.80, 1096~1950!.
200A. B. Meinel, Astrophys. J.113, 50 ~1951!.
201C. Y. Fan, Astrophys. J.128, 420 ~1958!.
202L. Vegard, Nature~London! 144, 1089~1939!.
203G. W. Stuart, Phys. Rev. Lett.2, 417 ~1959!.
204D. C. Morton and J. D. Purcell, Planet. Space Sci.9, 455 ~1962!.
205B. A. Tinsley, Rev. Geophys. Space Phys.9, 89 ~1971!.
206F. S. Johnson and R. A. Fish, Astrophys. J.131, 502 ~1960!.
207S.-I. Akasofu, Planet. Space Sci.12, 801 ~1964!.
208S.-I. Akasofu, Planet. Space Sci.12, 905 ~1964!.
209J. C. Brandt and D. M. Hunten, Planet. Space Sci.14, 95 ~1966!.
210P. A. Cloutier, Planet. Space Sci.14, 809 ~1966!.
211R. L. Wax and W. Bernstein, Rev. Sci. Instrum.38, 1612~1967!.
212W. Bernsteinet al., in Small Rocket Instrumentation Techniques~North-

Holland, Amsterdam, 1969!, pp. 224–231.
213W. Bernsteinet al., Nucl. Instrum. Methods90, 325 ~1970!.
214R. L. Wax et al., J. Geophys. Res.75, 6390~1970!.
215M. R. Ainbund et al., Cosmic Res.~English transl. of Kosmicheskie

Issledovaniya! ~Plenum, New York, 1973!, Vol. 11, pp. 661–665
216H. O. Funstenet al., J. Spacecr. Rockets32, 899 ~1995!.
217M. A. Gruntman and V. A. Morozov, J. Phys. E15, 1356~1982!.
218M. A. Gruntman, ‘‘Interstellar helium at the Earth’s orbit,’’ Report~Pre-

print! 543 ~Space Research Institute~IKI !, Academy of Sciences, Mos
cow, 1980!.

219S. Grzedzielski, Artificial Satellites,18, 5 ~1983!.
220S. Grzedzielski, Artificial Satellites,19, 5 ~1984!.
221S. Grzedzielski and D. Rucinski, inPhysics of the Outer Heliosphere,

edited by S. Grzedzielski and D. E. Page~Pergamon, New York, 1990!,
pp. 367–370.

222K. C. Hsiehet al., ‘‘HELENA—A proposal to performin situ investiga-
tion of NEUTRALs in geospace and the heliosphere on PPL&IPL of
OPEN mission,’’ Proposal to NASA, 1980.

223K.-P. Wenzel and D. Eaton, European Space Agency~ESA! Bull. 63, 10
~1990!.

224M. Banaszkiewicz and S. Grzedzielski, Ann. Geophys.~Germany! 10,
527 ~1992!.

225M. A. Gruntman,EUV, X-Ray, and Gamma-Ray Instrumentation for A
tronomy, Proc. SPIE 1549, edited by O. H. W. Siegmund and R.
Rothschield~SPIE, Bellingham, 1991!, pp. 385–394.

226M. L. Schattenburget al., Phys. Scr.41, 13 ~1990!.
227J. M. Carteret al., J. Vac. Sci. Technol. B10, 2909~1992!.
228E. E. Scimeet al., Appl. Opt.34, 648 ~1995!.
229M. A. Gruntman,X-Ray and Extreme Ultraviolet Optics, Proc. SPIE

2515, edited by R. B. Hoover and A. B. C. Walker, Jr.~SPIE, Belling-
ham, 1995!, pp. 231–239.

230M. A. Gruntman, Appl. Opt.34, 5732~1995!.
231M. A. Gruntman, Appl. Opt.36, 2203~1997!.
232W. J. Heikkila, J. Geophys. Res.76, 1076~1971!.
233D. Hovestadtet al., Phys. Rev. Lett.28, 1340~1972!.
234P. F. Mizera and J. B. Blake, J. Geophys. Res.78, 1058~1973!.
235D. Hovestadt and M. Scholer, J. Geophys. Res.81, 5039~1976!.
236S. M. Krimigis et al., Geophys. Res. Lett.2, 457 ~1975!.
237E. Kirschet al., Geophys. Res. Lett.8, 169 ~1981!.
238E. Kirschet al., Nature~London! 292, 718 ~1981!.
239S. M. Krimigis et al., Space Sci. Rev.21, 329 ~1977!.
240D. J. Williamset al., IEEE Trans. Geosci. Electron.GE-16, 270 ~1978!.
241E. C. Roelof and D. G. Mitchell, Eos Trans. AGU63, 403 ~1982!.
242E. C. Roelof and D. G. Mitchell, Eos Trans. AGU63, 1078~1982!.
243C. C. Curtis and K. C. Hsieh, inSolar System Plasma Physics, edited by
3654 Rev. Sci. Instrum., Vol. 68, No. 10, October 1997
.

J. H. Waite Jr., J. L. Burch, and R. L. Moore,~AGU, Washington, DC,
1989!, pp. 247–251.

244M. G. Hendersonet al., Geophys. Res. Lett.24, 1167~1997!.
245J. B. Blakeet al., Space Sci. Rev.71, 531 ~1995!.
246E. C. Roelofet al., Instrumentation for Magnetospheric Imagery, Proc.

SPIE 1744, edited by S. Chakrabarti,~SPIE, Bellingham, 1992!, pp. 19–
30.

247E. C. Roelofet al., Instrumentation for Magnetospheric Imagery II, Proc.
SPIE 2008, edited by S. Chakrabarti~SPIE, Bellingham, 1993!, pp. 202–
213.

248K. C. Hsieh et al., in Solar Wind Seven, edited by E. Marsch and R
Schwenn~Pergamon, New York, 1992!, pp. 357–364.

249M. A. Gruntman and V. B. Leonas, ‘‘Experimental opportunity of pla
etary magnetosphere imaging in energetic neutral particles,’’ Report~Pre-
print! 1181~Space Research Institute~IKI !, Academy of Sciences, Mos
cow, 1986! ~also published in Proceedings, International Workshop
Problems of Physics of Neutral Particles in the Solar System, Zakop
1985, pp. 151–179!.

250R. W. McEntire and D. G. Mitchell, inSolar System Plasma Physic,
edited by J. H. Waite Jr., J. L. Burch, and R. L. Moore,~AGU, Wash-
ington, DC, 1989!, pp. 69–80.

251K. C. Hsieh and C. C. Curtis, inSolar System Plasma Physics, edited by
J. H. Waite, Jr., J. L. Burch, and R. L. Moore~AGU, Washington, DC,
1989!, pp. 159–164.

252E. P. Keathet al., in Solar System Plasma Physics, edited by J. H. Waite,
Jr., J. L. Burch, and R. L. Moore~AGU, Washington, DC, 1989!, pp.
165–170.

253M. A. Gruntmanet al., JETP Lett.51, 22 ~1990!.
254D. J. McComaset al., Instrumentation for Magnetospheric Imagery,

Proc. SPIE 1744, edited by S. Chakrabarti,~SPIE, Bellingham, 1992!, pp.
40–50.

255H. O. Funstenet al., Opt. Eng.32, 3090~1993!.
256H. O. Funstenet al., Opt. Eng.33, 349 ~1994!.
257A. G. Ghielmettiet al., Opt. Eng.33, 362 ~1994!.
258P. Wurzet al., Opt. Eng.34, 2365~1995!.
259A. Amsif et al., J. Geophys. Res.102 ~in press, 1997!.
260J. M. Young and J. C. Holmes, Science171, 379 ~1971!.
261D. W. Swift et al., Planet. Space Sci.37, 379 ~1989!.
262D. L. Murphy and Y. T. Chiu, Opt. Eng.32, 3147~1993!.
263D. E. Garridoet al., Opt. Eng.33, 371 ~1994!.
264R. R. Meier and J. M. Picone, J. Geophys. Res.99, 6307~1994!.
265L. A. Frank and J. D. Cravens, Rev. Geophys.26, 249 ~1988!.
266W. L. Imhof et al., Opt. Eng.33, 383 ~1994!.
267D. L. McKenzieet al., Opt. Eng.33, 414 ~1994!.
268W. Calvertet al., Radio Sci.30, 1577~1995!.
269R. A. Greenwald, Radio Sci.32, 277 ~1997!.
270W. Calvertet al., Radio Sci.32, 281 ~1997!.
271R. A. Greenwald, Radio Sci.32, 877 ~1997!.
272S. Chakrabartiet al., J. Geophys. Res.88, 4898~1983!.
273S. Chakrabartiet al., J. Geophys. Res.89, 5660~1984!.
274G. Boellaet al., IEEE Trans. Nucl. Sci.NS-33, 755 ~1986!.
275J. E. Grindlayet al., IEEE Trans. Nucl. Sci.NS-33, 750 ~1986!.
276K. C. Hsiehet al., Proposal to Planetary Instrument Definition and D

velopment Program, NASA, 1985.
277C. C. Curtiset al., Instrumentation for Magnetospheric Imagery, SPIE

Proj. 1744, edited by S. Chakrabarti,~SPIE, Bellingham, 1992!, pp. 138–
147.

278C. C. Curtis,Instrumentation for Magnetospheric Imagery, SPIE Proc.
1744, edited by S. Chakrabarti~SPIE, Bellingham, 1992!, pp. 161–170.

279R. H. Dicke, Astrophys. J. Lett.153, L101 ~1968!.
280J. G. Ables, Proc. Astron. Soc. Aust.1, 172 ~1968!.
281R. L. Blakeet al., Rev. Sci. Instrum.45, 513 ~1974!.
282J. Gunson and B. Polychronopulos, Mon. Not. R. Astron. Soc.177, 485

~1976!.
283E. E. Fenimore and T. M. Cannon, Appl. Opt.17, 337 ~1978!.
284T. M. Cannon and E. E. Fenimore, Appl. Opt.18, 1052~1979!.
285E. E. Fenimoreet al., Appl. Opt.18, 945 ~1979!.
286K. A. Nugent, Appl. Opt.26, 563 ~1987!.
287E. Caroliet al., Space Sci. Rev.45, 349 ~1987!.
288D. Resset al., Rev. Sci. Instrum.63, 5086~1992!.
289E. E. Fenimore, Appl. Opt.17, 3562~1978!.
290S. W. Golomb,Digital Communications with Space Applications~Pren-

tice Hall Englewood Cliffs, NJ, 1964!.
291F. J. MacWilliams and N. J. A. Sloane, Proc. IEEE64, 1715~1976!.
Neutral atom imaging



s,

s

a-

IC-

r

a-
g-
292K. Skold, Nucl. Instrum. Methods63, 114 ~1968!.
293G. Comsaet al., Rev. Sci. Instrum.52, 789 ~1981!.
294R. Davidet al., Rev. Sci. Instrum.57, 2771~1986!.
295M. A. Gruntman,Instrumentation for Magnetospheric Imagery II, Proc.

SPIE 2008, edited by S. Chakrabarti~SPIE, Bellingham, 1993!, pp. 58–
72.

296M. H. Tai et al., Appl. Opt.14, 2678~1975!.
297P. Zeppenfeldet al., Rev. Sci. Instrum.64, 1520~1993!.
298V. V. Afrosimov et al., Sov. Phys. Tech. Phys.5, 1378~1961!.
299H. P. Eubank, inDiagnostics for Fusion Experiments, edited by E. Sin-

doni and C. Wharton~Pergamon, New York, 1979!, pp. 17–34.
300J. E. Osher, inDiagnostics for Fusion Experiments, edited by E. Sindoni

and C. Wharton~Pergamon, New York, 1979!, pp. 47–77.
301V. V. Afrosimov et al., Sov. Phys. Tech. Phys.20, 33 ~1975!.
302C. J. Armentroutet al., Rev. Sci. Instrum.56, 2101~1985!.
303D. E. Voss and S. A. Cohen, Rev. Sci. Instrum.53, 1696~1982!.
304J. M. McChesneyet al., Rev. Sci. Instrum.66, 348 ~1995!.
305P. E. Stott, Rev. Sci. Instrum.63, 4696~1992!.
306G. Braccoet al., Rev. Sci. Instrum.63, 5685~1992!.
307H. Verbeek, J. Phys. E19, 964 ~1986!.
308K. Hayashiet al., Rev. Sci. Instrum.56, 359 ~1985!.
309Y. Kusamaet al., Rev. Sci. Instrum.66, 339 ~1995!.
310S. Costaet al., Rev. Sci. Instrum.66, 330 ~1995!.
311E. Scime and S. Hokin, Rev. Sci. Instrum.63, 4527~1992!.
312W. Van Toledoet al., Rev. Sci. Instrum.61, 622 ~1990!.
313W. Van Toledoet al., Rev. Sci. Instrum.63, 2223~1992!.
314H. Verbeeket al., J. Phys. E10, 944 ~1977!.
315H. H. Fleischmann and R. Kribel, Rev. Sci. Instrum.39, 233 ~1968!.
316J. S. Vickerset al., Opt. Eng.32, 3126~1993!.
317M. D. Daybell et al., Opt. Eng.33, 445 ~1994!.
318D. L. Judgeet al., Nucl. Instrum. Methods Phys. Res. A347, 472~1994!.
319C. C. Curtis and K. C. Hsieh, Rev. Sci. Instrum.59, 2424~1988!.
320E. E. Scimeet al., Rev. Sci. Instrum.66, 336 ~1995!.
321D. J. McComaset al., Opt. Eng.33, 335 ~1994!.
322M. A. Gruntman, Instrum. Exp. Techn.26, 943 ~1983!.
323W. A. de Zeeuwet al., Rev. Sci. Instrum.62, 110 ~1991!.
324E. Rutherford, J. Chadwick, and C. D. Ellis,Radiation from Radioactive

Substances~MacMillan Company, New York, 1930!, p. 548.
325F. S. Goulding and D. A. Landis, inNuclear Spectroscopy and Reaction

Part A, edited by J. Cerny~Academic, New York, 1974!, pp. 413–481.
326W. F. Schneideret al., Nucl. Instrum. Methods87, 253 ~1970!.
327H. Pleyeret al., Nucl. Instrum. Methods96, 263 ~1971!.
328G. Gaboret al., Nucl. Instrum. Methods130, 65 ~1975!.
329C. C. Curtis and K. C. Hsieh, Rev. Sci. Instrum.57, 989 ~1986!.
330E. Keppleret al., Nature~London! 321, 273 ~1986!.
331C. C. Curtiset al., Astron. Astrophys.187, 360 ~1987!.
332T. Zurbuchenet al., Opt. Eng.34, 1303~1995!.
333C. Leinert and D. Kluppelberg, Appl. Opt.13, 556 ~1974!.
334M. A. Gruntman, Rev. Sci. Instrum.65, 758 ~1994!.
335G. Bertollini and A. Coche,Semiconductor Detectors~Wiley, New York,

1968!.
336G. F. Knoll, Radiation Detection and Measurement~Wiley, New York,

1979, 1989!.
337F. S. Goulding and R. H. Pehl, inNuclear Spectroscopy and Reaction,

Part A, edited by J. Cerny~Academic, New York, 1974!, pp. 289–343.
338F. M. Ipavichet al., Nucl. Instrum. Methods154, 291 ~1978!.
339H. D. Voss, IEEE Trans. Nucl. Sci.NS-29, 178 ~1982!.
340W. E. Baumgartner and W. K. Huber, J. Phys. E76, 321 ~1976!.
341F. Paresce, Appl. Opt.14, 2823~1975!.
342M. C. Johnson, Rev. Sci. Instrum.40, 311 ~1969!.
343G. A. Goodrich and W. C. Wiley, Rev. Sci. Instrum.33, 761 ~1962!.
344D. S. Evans, Rev. Sci. Instrum.36, 375 ~1965!.
345E. A. Kurz, Am. Laboratory11, 67 ~1979!.
346B. W. Manleyet al., Adv. Electron. Electron Phys.28A, 471 ~1969!.
347D. Washingtonet al., Acta Electron.14, 201 ~1971!.
348B. Lescovar, Phys. Today30, 42 ~1977!.
349A. R. Asam, Opt. Eng.17, 640 ~1978!.
350J. L. Wiza, Nucl. Instrum. Methods62, 587 ~1979!.
351G. W. Fraser,X-Ray Detectors in Astronomy~Cambridge University

Press, Cambridge, 1989!.
352J. Adams and B. W. Manley, Philips Tech. Rev.28, 156 ~1967!.
353J. G. Timothy, Rev. Sci. Instrum.52, 1131~1981!.
354W. M. Sackinger and J. M. Johnson, Adv. Electron. Electron Phys.28A,

487 ~1969!.
Rev. Sci. Instrum., Vol. 68, No. 10, October 1997
355G. Beck, Rev. Sci. Instrum.47, 849 ~1976!.
356P. Wurz and L. Gubler, Rev. Sci. Instrum.65, 871 ~1994!.
357P. Wurz and L. Gubler, Rev. Sci. Instrum.67, 1790~1996!.
358M. Lampton, Proc. Intern. Astron. Union Colloq. 40, Meudon Observ

tory, France, 32/1–32/28, 1977.
359R. W. Wijnaendts van Resandt and J. Los,Proceedings of the XI Inter-

national Conference on Physics Electronic and Atomic Collisions (
PEAC) ~North-Holland, Amsterdam, 1981!, pp. 831–841.

360J. G. Timothy, Publ. Astron. Soc. Pac.95, 810 ~1983!.
361M. A. Gruntman, Instrum. Exp. Tech.27, 1 ~1984!.
362O. H. W. Siegmundet al., ESA Symposium on Photon Detectors fo

Space Instrumentation, 1982, ESA SP-356, pp. 89–96.
363M. Lampton and F. Paresce, Rev. Sci. Instrum.45, 1098~1974!.
364M. Lampton and C. Carlson, Rev. Sci. Instrum.50, 1093~1979!.
365C. Martin et al., Rev. Sci. Instrum.52, 1067~1981!.
366W. Parkeset al., Nucl. Instrum. Methods121, 151 ~1974!.
367R. W. Wijnaendts van Resandtet al., Chem. Phys.26, 223 ~1977!.
368F. Buschet al., Nucl. Instrum. Methods171, 71 ~1980!.
369G. Charpaket al., Nucl. Instrum. Methods65, 217 ~1968!.
370B. P. Duvalet al., Rev. Sci. Instrum.57, 2156~1986!.
371S. E. Sobottka and M. B. Williams, IEEE Trans. Nucl. Sci.NS-35, 348

~1988!.
372M. Lamptonet al., Rev. Sci. Instrum.58, 2298~1987!.
373M. Lamptonet al., IEEE Trans. Nucl. Sci.NS-37, 1548~1990!.
374R. Raffanti and M. Lampton, Rev. Sci. Instrum.64, 1506~1993!.
375O. H. W. Siegmundet al., EUV, X-Ray, and Gamma-Ray Instrument

tion for Astronomy IV, Proceedings SPIE 2006, edited by O. H. W. Sie
mund ~SPIE, Bellingham, 1993!, pp. 176–187.

376P. G. Friedmanet al., Rev. Sci. Instrum.67, 596 ~1996!.
377F. R. Powellet al., Opt. Eng.29, 614 ~1990!.
378H. Bradner, Rev. Sci. Instrum.19, 662 ~1948!.
379F. E. Carpenter and J. A. Curcio, Rev. Sci. Instrum.21, 675 ~1950!.
380S. Bashkin and G. Goldhaber, Rev. Sci. Instrum.22, 112 ~1951!.
381G. A. Sawyer, Rev. Sci. Instrum.23, 604 ~1952!.
382G. Dearnaley, Rev. Sci. Instrum.31, 197 ~1960!.
383P. Vouroset al., Rev. Sci. Instrum.39, 741 ~1968!.
384G. Bothet al., Rev. Sci. Instrum.58, 424 ~1987!.
385J. O. Stoner, Jr. and S. Bashkin, Appl. Opt.17, 321 ~1978!.
386J. O. Stoner, J. Appl. Phys.40, 707 ~1969!.
387A. H. F. Muggleton, Vacuum37, 785 ~1987!.
388T. M. Ivkova et al., Nucl. Instrum. Methods Phys. Res. A362, 77 ~1995!.
389H. O. Funstenet al., Rev. Sci. Instrum.63, 4741~1992!.
390M. Rubelet al., Nucl. Instrum. Methods Phys. Res. B47, 202 ~1990!.
391P. Lorenzenet al., Nucl. Instrum. Methods Phys. Res. A282, 213~1989!.
392M. A. Gruntman, Rev. Sci. Instrum.60, 3188~1989!.
393L. Kay and R. Shepherd, J. Phys. E17, 882 ~1984!.
394H. H. Bukow et al., Nucl. Instrum. Methods182/183, 383 ~1981!.
395V. A. Kurnaev, Sov. Phys. Tech. Phys.21, 383 ~1976!.
396T. Ngo et al., Surf. Sci.314, L817 ~1994!.
397E. Fermi and E. Teller, Phys. Rev.72, 399 ~1947!.
398N. Bohr, Mat. Fys. Medd. K. Dan. Vidensk. Selsk.18, 8 ~1948!.
399J. Lindhard and M. Scharff, Phys. Rev.124, 128 ~1961!.
400J. D. Jackson, in ‘‘Classical Electrodynamics,’’ Chapter 13,Collisions

Between Charged Particles, Energy Loss, and Scattering~Wiley, New
York, 1962, 1975!.

401U. Fano, Annu. Rev. Nucl. Sci.13, 1 ~1963!.
402P. Sigmund, Mat. Fys. Medd. K. Dan. Vidensk. Selsk.40, 1 ~1978!.
403P. Sigmund,The Stopping and Range of Ions in Matter~Pergamon, New

York, 1979!, Vol. 1.
404J. F. Ziegler,The Stopping and Range of Ions in Matter~Pergamon, New

York, 1980!, Vol. 5.
405J. F. Ziegleret al., The Stopping and Range of Ions in Solids~Pergamon,

New York, 1985!, Vol. 1.
406S. H. Overburyet al., Radiat. Eff.41, 219 ~1979!.
407J. P. Biersack and L. G. Haggmark, Nucl. Instrum. Methods174, 257

~1980!.
408J. F. Ziegler, IBM Research, Yorktown, New York.
409H. O. Funsten, Phys. Rev. B52, R8703~1995!.
410A. Burgi et al., J. Appl. Phys.68, 2547~1990!.
411R. Kallenbachet al., Nucl. Instrum. Methods Phys. Res. B83, 68 ~1993!.
412M. Gonin et al., Rev. Sci. Instrum.65, 648 ~1994!.
413A. Burgi et al., J. Appl. Phys.73, 4130~1993!.
414M. Gonin et al., Nucl. Instrum. Methods Phys. Res. B94, 15 ~1994!.
415M. Gonin et al., Nucl. Instrum. Methods Phys. Res. B101, 313 ~1995!.
3655Neutral atom imaging



A

on
V

no

he

on

d

-

416R. Kallenbachet al., Nucl. Instrum. Methods Phys. Res. B103, 111
~1995!.

417E. J. Sternglass, Phys. Rev.108, 1 ~1957!.
418E. S. Parilis and L. M. Kishinevskii, Sov. Phys. Solid State3, 885~1960!.
419W. Meckbach, inBeam-Foil Spectroscopy, edited by I. A. Sellin and D.

J. Pegg~Plenum, New York, 1976!, Vol. 2, pp. 577–592.
420B. E. Baklitskii et al., Sov. Phys. Tech. Phys.20, 1513~1976!.
421H. Rothardet al., in Particle Induced Electron Emission II~Springer,

Berlin, 1992!, pp. 97–147.
422W. Meckbachet al., J. Phys. B8, L344 ~1975!.
423V. Kh. Likhtenshtein and I. I. Tankov, Sov. Tech. Phys. Lett.1, 424

~1975!.
424V. Kh. Liechtensteinet al., Radio Eng. Electron. Phys.23, 107 ~1978!.
425K. Kuroki and Y. Yamazaki, Nucl. Instrum. Methods Phys. Res. B33,

276 ~1988!.
426M. A. Gruntmanet al., Instrum. Exp. Tech.32, 668 ~1989!.
427V. B. Leonas, Sov. Phys. Usp.34, 317 ~1991!.
428R. E. Barrington and J. M. Anderson, Proc. Phys. Soc. London72, 717

~1958!.
429C. F. G. Delaney and P. W. Walton, IEEE Trans. Nucl. Sci.NS-13, 742

~1966!.
430L. A. Dietz and J. C. Sheffield, J. Appl. Phys.46, 4361~1975!.
431Y. Yamazaki and K. Kuroki, Nucl. Instrum. Methods Phys. Res. A262,

118 ~1987!.
432G. Lakitset al., Rev. Sci. Instrum.60, 3151~1989!.
433G. Lakits and H. Winter, Nucl. Instrum. Methods Phys. Res. B48, 597

~1990!.
434G. Lakitset al., Phys. Rev. B42, 15 ~1990!.
435K. Ohyaet al., Phys. Rev. B46, 3101~1992!.
436P. Sigmund, Phys. Rev.184, 383 ~1969!.
437K. C. Hsiehet al., J. Appl. Phys.51, 2242~1980!.
438K. C. Hsiehet al., Nucl. Instrum. Methods Phys. Res. B61, 187 ~1991!.
439J. A. R. Samson and R. B. Cairns, Appl. Opt.4, 915 ~1965!.
440E. Dietzet al., Nucl. Instrum. Methods97, 581 ~1971!.
441E. Dietzet al., Nucl. Instrum. Methods108, 607 ~1973!.
442J. D. Bowman and R. H. Heffner, Nucl. Instrum. Methods148, 503

~1978!.
443T. Odenwelleret al., Nucl. Instrum. Methods198, 263 ~1982!.
444A. V. Mitrofanov, Instrum. Exp. Tech.26, 971 ~1983!.
445A. V. Mitrofanov and P. Yu. Apel, Nucl. Instrum. Methods Phys. Res.

282, 542 ~1989!.
446G. N. Flerov and V. S. Barashenkov, Sov. Phys. Usp.17, 783 ~1975!.
447B. E. Fischer and R. Spohr, Rev. Mod. Phys.55, 907 ~1983!.
448R. Spohr,Ion Tracks and Microtechnology~Friedriech Vieweg & Sons

Verlagsgesellschaft mbh, Braunschweig, 1990!.
449C. Riedel and R. Spohr, Radiat. Eff.42, 69 ~1979!.
450A. V. Mitrofanov et al., Nucl. Instrum. Methods Phys. Res. A308, 347

~1991!.
451V. A. Mitrofanov et al., EUV, X-Ray, and Gamma-Ray Instrumentati

for Astronomy V, Proc. SPIE 2280, edited by O. H. Siegmund and J.
Vallerga ~SPIE, Bellingham, 1994!, pp. 272–277.

452J. P. O’Sullivan and G. C. Wood, Proc. R. Soc. London, Ser. A317, 511
~1970!.

453R. C. Furneauxet al., Nature~London! 337, 147 ~1989!.
454R. C. Furneaux and M. C. Thornton, Br. Ceram. Proc.43, 93 ~1988!.
455R. C. Furneauxet al., Mater. Res. Soc. Symp. Proc.188, 281 ~1990!.
456M. C. Thornton and R. C. Furneaux, J. Mater. Sci. Lett.10, 622 ~1991!.
457H. Masuda and K. Fukuda, Science268, 1466~1995!.
458E. H. Anderson, Ph.D. dissertation, Massachusetts Institute of Tech

ogy, Cambridge, MA, 1988.
3656 Rev. Sci. Instrum., Vol. 68, No. 10, October 1997
.

l-

459A. Yen et al., Appl. Opt.31, 2972~1992!.
460A. Yen et al., Appl. Opt.31, 4540~1992!.
461T. A. Savaset al., J. Vac. Sci. Technol. B13, 2732~1995!.
462M. L. Schattenburget al., J. Vac. Sci. Technol. B13, 3007~1995!.
463M. L. Schattenburget al., X-Ray Instrumentation in Astronomy II, Proc.

SPIE 980~SPIE, Bellingham, 1988!, pp. 210–218.
464M. L. Schattenburget al., Opt. Eng.30, 1590~1991!.
465D. W. Keith et al., Phys. Rev. Lett.61, 1580~1988!.
466C. R. Eckstromet al., Appl. Phys. B: Lasers Opt.54, 369 ~1992!.
467H. S. Ogawaet al., Opt. Eng.32, 3121~1993!.
468J. A. R. Samson, Nucl. Instrum. Methods152, 225 ~1978!.
469J. H. Hoffmanet al., Geochim. Cosmochim. Acta3, 2865~1973!.
470M. A. Gruntmanet al., EOS Trans. AGU, Fall Meeting Suppl.,72 ~44!,

393 ~1991!.
471A. W. Kleyn, Proceedings of the Fifth International Symposium on t

Production and Neutralization of Negative Ions and Beams, AIP Conf.
Proc. 210, edited by A. Hershcovitch~AIP, New York, 1990!, pp. 3–16.

472Yu. Belchenko, Rev. Sci. Instrum.64, 1385~1993!.
473J. R. Hiskes and A. M. Karo, Bull. Am. Phys. Soc.23, 702 ~1978!.
474P. Massmannet al., Nucl. Instrum. Methods165, 531 ~1979!.
475J. N. M. Van Wunnik and J. Los, Phys. Scr.T6, 27 ~1983!.
476H. Verbeeket al., Proceedings of the 3rd International Symposium

Production and Neutralization of Negative Ions and Beams, AIP Conf.
Proc. 111, edited by K. Prelec~AIP, New York, 1984!, pp. 273–280.

477P. J. Schneideret al., Phys. Scr.T6, 35 ~1983!.
478J. R. Hiskes and P. J. Schneider, Phys. Rev. B23, 949 ~1981!.
479M. Seidl et al., in Microwave and Particle Beam Sources and Directe

Energy Concepts, 106I ~SPIE, Bellingham, 1989!, pp. 547–554.
480P. W. Van Amersfoortet al., J. Appl. Phys.58, 3566~1985!.
481J. N. M. Van Wunnik, Surf. Sci.131, 1 ~1983!.
482H. L. Cui, J. Vac. Sci. Technol. A9, 1823~1991!.
483C. F. A. Van Oset al., J. Appl. Phys.64, 3863~1988!.
484P. J. Schneideret al., Phys. Rev. B23, 941 ~1981!.
485J. N. M. Van Wunniket al., Surf. Sci.131, 17 ~1983!.
486A. E. Souziset al., J. Vac. Sci. Technol. A7, 720 ~1989!.
487S. T. Melnychuk and M. Seidl, J. Vac. Sci. Technol. A9, 1650~1991!.
488C. F. A. Van Oset al., Appl. Phys. Lett.51, 1495~1987!.
489A. Danon and A. Amirav, Phys. Rev. Lett.61, 2961~1988!.
490P. Wurzet al., Surf. Sci.373, 56 ~1997!.
491P. J. M. Van Bommelet al., J. Appl. Phys.56, 751 ~1984!.
492H. M. Van Pixterenet al., Europhys. Lett.10, 715 ~1989!.
493D. Teillet-Billy and J. P. Gauyacq, Surf. Sci.239, 343 ~1990!.
494S. Hayakawaet al., Rev. Sci. Instrum.63, 1958~1992!.
495P. Haochanget al., Phys. Rev. Lett.57, 3035~1986!.
496P. H. F. Reijnenet al., J. Chem. Phys.94, 695 ~1991!.
497H. S. W. Massey,Negative Ions~Cambridge University Press, Cam

bridge, 1976!.
498B. M. Smirnov,Negative Ions~McGraw-Hill, New York, 1982!.
499P. J. Schneideret al., Nucl. Instrum. Methods Phys. Res. B2, 525

~1984!.
500W. Husinskyet al., Nucl. Instrum. Methods Phys. Res. B33, 824~1988!.
501C. C. Hsuet al., Nucl. Instrum. Methods Phys. Res. B119, 471 ~1996!.
502E. E. Scime and P. A. Keiter, Rev. Sci. Instrum.68, 296 ~1997!.
503T. Yasueet al., Jpn. J. Appl. Phys., Part 225L, 363 ~1986!.
504M. A. Gruntman, Adv. Space Res.13 ~6!, 141 ~1993!.
505D. G. Mitchell et al., Eos Trans. AGU., Spring Metting Suppl.77 ~17!,

S250~1996!.
Neutral atom imaging


