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Experimental techniques and instrumentation for space plasma imaging in fluxes of energetic
neutral atomgENAS) 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-tt00 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 Physids50034-67487)02810-4

I. INTRODUCTION atom acceleration by the solar gravitation may also contrib-

ute to an ENA population under certain conditions. ENAs

In the beginning of the_ space age, in. the 1950s and _ea”?ﬁre ubiquitous in space environment and their study opens a
1960s, many space experiments were simply an extension ’Ef

th i ; d in the phvsics laborat ew window on various phenomena in space plasmas with a
€ measurements performed In the physics laboratory, ag,,ise to qualitatively improve our understanding of global
though under very unusual conditions of spacecraft. Seve

LD : . agnetospheric and heliospheric processes. However ENAs
limitations of available power, requirements of small mas

and size, remote control and data acquisition through Iimitecg;\/(;f;iimz;nse‘j poorly explored due to enormous experimen-

telemetr lled for new roaches t igning an ild- . .
relemetry ca ed for new approac esto des_g \ng a d build ENAs, contrary to charged particles, can travel large dis-
ing space instruments. An emphasis on reliability—one can-

not go and replace a fuse or correct axis alignment on éar?ces through space with_minimal changes without under-
spacecraft in orbit—was another important new requirementcv.]oIng furthgr interaction with plasma. ENA measuremgnts
Space experiments were initially considered by many in thé® récognized as a ppwerful_tcz)ol to remotely study various
physics community as an unconventional application of simJ!0b2l plasma objects |n.spal:e1.. By recording ENA fluxes
plified laboratory technique¢As Samuel Johnson put it, “A 25 afunctlon of observa}tlonal Q|rectlon, one can reconstruct a
horse that can count to ten is a wonderful horse, not a wor@lobal image of the object of interest, thus the term “ENA
derful mathematician.]’ However with time, space instru- 1Maging,” first m_tro_duged in 1984 for imaging from
ments evolved into a highly specialized area of scientificoutside® and from insidé’ of the magnetosphere. Plasma ion
instrumentation pioneering new measurement techniques arf@ergy distribution and ion composition can be remotely es-
leading instrument development in such areas as plasma arf@blished by measuring ENA energies and masses. ENA im-
lyzers, particle- and photon-counting position-sensitive de2ding usually means not only determining ENA flux angular
tectors, and many others. In this article we review a newdistribution but also ENA energies and masses. An ENA
emerging field of space experiments and instrumentatiorimaging experiment would ideally produce a set of images of
imaging of space plasmas in fluxes of energetic neutral at plasma object in ENAs of different masses and in different
oms. energy ranges.

The interaction between charged and neutral particles is Protons are the most abundant component of space
a common phenomenon in space plasmas. Whenever an gplasma ions. Unlike other space plasma i¢eg., Hé and
ergetic ion undergoes a charge exchange process in a col®®), protons cannot be imaged optically, which makes
sion with a neutral background atom, an energetic neutrdENAS in many cases the only tool to study processes of
atom(ENA) is born. lon-electron recombination and neutral interest remotely. The definition of an “energetic” particle
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was originally limited by a minimum energy of several keV, spacecraft, and they cannot unambiguously distinguish be-
but new experimental techniques have significantly loweredween temporal and spatial variations of plasma
the energy threshold. For the purpose of this article, theparameters:® Consequently even the simultaneous measure-
ENAs occupy the energy range from few eV up to severalments from several spacecraft are inherently insufficient for
hundred keV. reconstruction of complex global magnetospheric processes
Any object that contains energetic ions and backgrounénd require heavy reliance on often simplified and incom-
neutral gas can be imaged in ENA fluxes. Important explete models.
amples are planetary magnetospheres and the heliosphere. Accurate understanding of the global magnetospheric
(The heliosphere, the region containing expanding solaprocesses has become especially important with the growing
wind plasma, is about 200 AU in size; 1 AL astronomi- realization of possible adverse effects of space environment
cal unit=1.5x 10" cm is the distance between the earth andon many technological systems, both on the ground and in
the sun) Planetary magnetospheres are filled with plasmapace. Communications, TV broadcasting, world-wide navi-
and the solar wind plasma fills interplanetary space in theation, and national security applications that include ad-
heliosphere. Being far from thermodynamic equilibrium, vance warning, reconnaissance, and nonproliferation compli-
space plasmas are characterized by wildly varying populaance monitoring, are increasingly dependent on space-
tions of energetic ions. Neutral atom background around théeployed technical assets. Our ability of predicting the
Earth is provided by the terrestrial exosphere that containmmagnetospheric conditions, especially during geomagnetic
escaping hydrogen atom3;}’ the extended hydrogen geo- storms, remains disappointifgNASA, the Air Force, and
corona was observed and measured many tiths. National Oceanic and Atmospheric AdministratiofiOAA)
The presence of a global population of neutral atoms irare currently working to establish a national space weather
interplanetary space is less known. The interstellar gas fromervice’'32
the local interstellar mediunfLISM) permeates the helio- Although first dedicated direct ENA measurements were
sphere. If one excludes the sun, planets, and other celestiattempted in the late 1960s, enormous experimental difficul-
bodies, then 98%—-99% of the mass of matter filling the heties prevented detailed study of ENAs. ENA fluxes are very
liosphere is represented by neutral atoms with only the reweak, sometimes:1 cm ?s %, and the realistic approach to
maining 1%—-2% of matter being plasifaOutside the he- their direct detection is based on particle interaction with
liosphere, interstellar space is filled by dilute interstellar gassolid surfaces, e.qg., electron emission. UltravigléV) and
with varying degrees of ionization. Hence ENAs are born inextreme ultravioletEUV) photons interact with surfaces of-
the planetary environment and in interplanetary and interstetten in a similar way, and the background EUV/UV photon
lar space as well. fluxes are 3-7 orders of magnitude higher than those of
Almost 3 decades of instrument development made ENAENASs. Therefore background photon-induced count rate of a
imaging of space plasmas possible: the phase of practicabnventional secondary electron multiplier would be 2—6 or-
implementation has been finally achieved. Simple ENA in-ders of magnitude higher than the ENA count rate. Such
struments were recently flown on GEOTAI.,CRRES?'  inhospitable conditions make ENA measurement an excep-
and ASTRIF*?®missions around the Earth. A sophisticatedtionally challenging task.
first large size ENA camera will perform imaging of the There are similarities and there are essential differences
Saturn’s magnetosphere on the Cassini mission to bbetween corpuscular diagnostics of hot plasmas in the labo-
launched in October 199%.A dedicated space mission to ratory and ENA diagnostics of space plasmas. Neutral atom
globally image the terrestrial magnetosphere was studied fagmissions from magnetically confined fusion plasmas were
several year$> %’ A medium-class explorefMIDEX) mis-  used efficiently to determine plasma ion temperafdiré®
sion IMAGE was recently selected by NASA to perform The photon-to-ENA ratios in space are not unlike those from
such imaging; it is presently under preparation for launch ifusion plasmas. An important difference between conditions
January, 2000. Another ENA experiment ISERAvas un-  in space and those in the laboratory is that fusion plasma
fortunately lost with the SAC-B spacecraft during launch inprocesses are of relatively short duratienl—-10s, with
October 1996. A number of other experiments to image planhigh ENA fluxes, while ENA fluxes are very low in space
etary magnetospheres and the heliosphere have been pimit it is possible to accumulate the signal much longer. For
posed and are currently at different stages of developmentexample, the desired temporal resolution for study of impor-
ENA images and their evolution in time promise a tant magnetospheric ring current is in the 5—15 min range.
breakthrough in the understanding of fundamental globalhe fusion plasmas have become “ENA-thick” with the in-
processes in space. Conventiofalsitu measurements of creasing density, which limits passive corpuscular diagnos-
local plasma parameters are inherently limited in their capatics to the study of the plasma edges. In space, the objects are
bilities. Some plasma regions of interest are too far away tasually “ENA-thin,” and ENAs can travel large distances
be conveniently visited by spacecraft. For example, only rewithout much disturbance.
mote observations are capable of providing continuous moni- The goal of this article is to review and critically evalu-
toring of the time-varying size and shape of the globalate experimental techniques and instrumentation for space
heliospheré°2° plasma imaging in ENA fluxesovering the energy range
Experimental studies of planetary magnetospheres facktom a few eV up to>100 keV. ENA instrumentation was
difficulties of another kind. The measurements of magnetotraditionally divided into two groups corresponding to
spheric plasma are performed from fast movi@g-9 km/3 “high” and “low” energies with a new “ultralow” energy
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FIG. 1. Charge exchange collision between an energetic plasma ion and .
neutral gas atoni;; is an ion of species “1” andd, is an atom of species
o

cross section, 10

group emerging(Due to the lack of a better phrase we will
be using hereafter such awkward terms as “low-energy
ENA” and “high-energy ENA.”) The division between
high- and low-energy ENAs, although never clearly definedFIG. 2. Cross section energy dependence for proton charge exchange on
results from use of different approaches and instrument condlydrogen and helium atoms.

ponents for suppression of EUV/UV radiation. For example,

solid state detectors and thin-film filters are used in high-

energy ENA instruments, while many other Components' After the birth of an ENA, its trajectory is defined by the
such as ultrathin foils and microchannel plate detectors, ar#itial velocity and gravitational forces only. With a few ex-
common for both groups. ENA instruments employ manyceptions, gravitation can be disregarded, and one can assume
approaches and techniques widely used in space ion analythat the ENA preserves both the direction and magnitude of
ers which is an exceptionally developed and advanced arghe energetic ion velocity before the charge-exchange colli-
of space instrumentatioti-*° the ion analyzers are beyond sion. As ENAs travel in space, they may be lost in charge
the scope of this article. exchange, electron collisions, and photoionization.

At first we review ENA fluxes in space and their prop- Only few species are important for ENA formation.
erties, and present a brief history of ENA experimental studyNeutral gas in the heliosphere consists of hydrogen
and the evolution of experimental approaches. The concepts-90%) and helium ¢10%) atoms. Atomic hydrogen
of ENA imaging and particle identification are considereddominates the neutral particle environment around the earth
and followed by comparison with corpuscular diagnostics offrom an altitude of 600 km and a few thousands km during
fusion plasmas. Basic ENA techniques and instrument comperiods of minimum and maximum solar activity, respec-
ponents are then described in detail and critically evaluatedively. Other important neutral species around the earth are
performance characteristics, limitations, and requirements tgelium and oxygen atoms. Magnetospheric plasma consists
key instrumental elements are discussed. And finally, repremostly of protons with some helium, oxygen, and sulfur
sentative ENA instruments are shown and promising neWfound at Jupiterions. The protons are the major component

approaches and developments are identified. of the interstellar and solar wind plasmas; the latter contains
also~5% of double-charged helium iorfalpha particles
Il ENAS IN SPACE Qharge exchgnge cross sections |mpor'tant for ENA pro-
. duction are readily availabf®. A cross section energy de-
A. Charge exchange collisions pendence for proton charge exchange on hydrogen and he-

ENA fluxes come from different ion populations with llum atoms is shown in Fig. 2. The difference in cross
different compositions, flux levels, and energy, spatial, and€ctions reflects the fact that charg_e_exchange is _of a reso-
temporal dependencies. ENAs are formed in charge exd@nce type for proton—hydrogen collisions and requires over-

change collisiongFig. 1) between energetic plasma ions andc0ming an energy threshold in proton—helium collisions.
neutral gas atoms Since the background neutral hydrogen is usually much more

abundant than helium, the charge exchange on hydrogen at-
oms would dominate hydrogen ENA production for energies
wherel; is an ion of species “1” andA, is an atom of <10-100keV. The charge exchange on helium may be-
species “2.” Species “1” and “2” may be identicale.g., come however important for energiesl00 keV.
H™+H—H-+H"), and a simultaneous exchange of two elec-  The ENA measurements would allow one to study the
trons is possible (He"+He—He+He" ™). The initial ve- ion population if neutral gas parameters are known, and con-
locity of an energetic particle is only slightly changed in aversely the neutral atom population characteristics could be
charge exchange collisiofl. Proton—hydrogen charge- obtained if the ion parameters are known. Some information
exchange collisions are often the most important process ii$ usually available on both the ions and neutral gas, but
space plasma: they occur at large impact parameters withften we have a relatively good knowledge of only one com-
only a small momentum exchange between collision partponent, for example neutral particle environment around the
ners. For many practically important applications ENAs canearth. Let us consider now the sources of major magneto-
be assumed to be born exactly with the ion momentum.  spheric and heliospheric ENA fluxes.

1+ A=A+,
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FIG. 3. Planet's magnetic field dominates the magnetosphere and traps charged particles, which may be accelerated up to very high energies. Trapped chargec
particles gyrate about magnetic field lines, participate in drift motion, and form radiation (#dter. Ref. 52)

B. Magnetospheric ENAs in a number of publications %8 The earth’s magnetosphere

Magnetospheres are objects formed by the solar win&s shovyn schematically in Fig. 4. The bow shock is Iogated
plasma flow around planets with intrinsic magnetic fielg @PProximately at the distance of 12—-B8 (Re~6370 kmiis

(Mercury, Earth, Jupiter, Saturn, Uranus, and Neptune the earth’s radiys A long magnetospheric tail may stretch

Magnetic field presents an obstacle for the highly supersonif@’ Peyond the Moon’s orbit-{ 380 000 km) in the antisolar
solar wind plasma flow, and a bow shock is formed in frontdlrecnon. Processes in the magnetospheric tail play an im-

of the planet. The size and shape of the magnetospheres dt@rtantrole in transport of energized plasma toward the earth
determined by the strength and orientation of the magneti€Uring magnetospheric disturbances. The orbits of practically
field, which is usually compressed at the sunward side an@ll €arth-orbiting satellites are inside the magnetosphere.
significantly stretched at the nightsi@magnetospheric tail  Low-earth orbits are those with altitudes below a few thou-
Planets without intrinsic magnetic fielVenus, Mars, and Sand km. A large number of communications and direct
Moon) may sometime form magnetospherelike plasma strucbroadcasting satellites are at geosynchror{gesstationary
tures around the upper atmospheres that are ionized by sol@fdit with a one-day period. This orbit is at approximately a
EUV and X-ray radiation. The earth's magnetic field domi- 36 000 km altitude which is well within the magnetosphere.
nates the terrestrial magnetosphere and efficiently traps A magnetosphere is a very complicated object with
charged particlegFig. 3), which may be accelerated up to Plasma parameters varying wildly from one region to an-
very high energiegz The ionospheric and solar wind plas- other. Solar wind carries frozen-in interplanetary magnetic
mas find a way to leak and fill the magnetosphere with iondield, about~5 nT near the earth, which changes its direc-
and electrons. tion occasionally. Interplanetary magnetic field interaction
Various aspects of magnetospheric physics are discuss#dth the geomagnetic field is important for energy transfer to
the magnetosphere. Many processes involving magnetic field
occur in the boundary region between the plasma of the geo-
spheric origin and the solar wind plasma, the geopélse.
The geopause is at a geocentric distance-aDRg on the
upstream side. Variations of the solar wind pressure and
magnetic field result in change of the magnetosphere’s size,
shape, electric current patterns, and ion flows and lead to
energization of electrons and ions and development of vari-
ous instabilities358:69
e The solar-terrestrial link through the interaction of the
e o ' solar wind with the magnetosphere makes magnetospheric
X~ conditions strongly dependent on the solar activity. The most
v : - prominent manifestation of this link is large nonrecurrent
geomagnetic storms, which are believed to be triggered by
relatively dense clouds of plasma ejected from the solar sur-
face, the so called coronal mass ejections, impinging on the

Interplanetary
Magnetic Field

Plasma1MamIe

Magnetic Tail

Solar Wind

Magnetopause

Magnetopause Current magnetospher®~"® A magnetospheric storm is accompa-
Cansi - - ied by an increase of a ring curret:’""®which produces
FIG. 4. Three-dimensional cutaway view of the terrestrial magnetospher&! ya g yW p
showing various currents, fields, and plasma regiohtier Ref. 197) perturbations up to 1% of the magnetic field at the earth’s
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surface. The ring current is an electric current flowing around & C-682-954-1

the earth due to the presence of energetic ions in the mag - | ! | ! ! | ! I I
netosphere; its decay occurs largely through charge exchang CHAMBERLAIN MODEL FOR < 4.5 Rg :
on background neutral atoms resulting in production of ENA IR fo=1094Re |
fluxes®® 7779 i - N(re) = 40000 CM™3 .
Magnetospheres of other planets have been studied b':. i ::_'0352 :K T
flyby spacecraft(Mercury, Jupiter, Saturn, and Uranus =4 e ]
some case&/enus and Marsby orbiters and landers, andby & °F EXPO:T:T_";;O:O?,E/L]AE?S r>4sfe
astronomical observations and radio emission detection:z B ) ¢ 7
from earth. There are detailed descriptions of the magnetoé s
spheres of Mercur§®-8 Venus®'83 Mars818* Jupiter?®8® 5 'O
Saturn}’ and Uranug? The magnetosphere of Jupiter is cur- ¢ |
rently being explored by the Galileo orbiter, and the mag- £ B
netosphere of Saturn will be studied by the forthcoming  '0'—
Cassini mission. -
The emphasis of the study of the terrestrial magneto- =
sphere has shifted from discovering the new magnetospheri $L—L L L 1 | | | | |

h | 2 3 4 5 6 7 8 9 10 I 12
features to attempts to explain how the magnetosphere GEOCENTRIC RADIAL DISTANCE, Re

works. Such shift is driven not only by the maturing of the

field but by the practical requirements as well. An importantF'G- 5. Radigl profile of the spherically symmetric geocoronal hydrogen
goal is to construct a magnetosphere model that will provid&MPer density(After Ref. 102)

capabilities of predicting magnetosphere’s behavior in re-

sponse to solar disturbances, in particular characteristics @fynhere, radiation belts, cusps, plasmasphere, magnetosheath,
geomagnetic storms and substorms. Although a clear undegiasma mantle, plasma sheet, and polar wind, are character-
Standing of the relation between the disturbed space Weathged by W|de|y Varying parameterS, and these regions ac-
conditions and adverse effects on various technological sysively interact with each other. For example, magnetosheath
tems has yet to be achievéd}>® significantly improved plasma has temperatures of 0.1-1 keV, proton energies in
knowledge of geomagnetic storm processes is needed to befe magnetospheric tail proton streams are 10—100 eV, while
ter understand and to reduce storm-related damage. ions in the ring current have energies between few hundreds
On the ground, major magnetospheric disturbancegy up to hundreds of keV. The macroscale characteristics of
cause changes in the geomagnetic field, which in turn lead tthhe magnetospheric regions and their boundaries and how

the induction currents in long conductdrsEffects of geo-  they interact to define global characteristics of the magneto-
magnetic disturbances include disruptions of cable commusphere are not well knowr® resulting in a long list of

nications, which were observed in telegraph lines since th@nanswered specific questioffs.
middle of the 19th centur%gz interference with naviga- The uppermost part of a planetary atmosphere, the
tional systems such as LORAN and OMEGA and high-exospheré>~*" provides neutral collision partners for ENA
frequency(HF) and ultrahigh frequencfUHF) communica-  production. The exospheric hydrogen atom population was
tions; various effectgleading to blackouts of large argam  extensively studied around earth by the Dynamic Explorer
power distribution systentS;corrosion of pipeline$#**and  (DE-1) satellite’®21%® The number density distribution,
interference in high-resolution global positioning systemwhich can be assumed to be spherically symmetric close to
(GPS technology. Magnetospheric storms significantly in-the earth, is shown in Fig. %2 At larger geocentric dis-
crease precipitation of energetic particles, which poses healtfances, solar radiation pressuiia resonance hydrogen H
hazards to airline crews and passengers at high altitudes a1y-« line, 1216 A would produce an asymmetry of hydro-
polar routes; the crews of high-altitude reconnaissancgen spatial distributioh® Abundant background neutral gas
planes may also be affected. can be found in the magnetospheres of other planets as
In space, magnetospheric disturbances damage and reell.X%®
duce lifetime of satellite%” both at low-earth and geosyn- The composition of magnetospheric ENAs is largely de-
chronous orbits. In particular, excessive charging of spacetermined by the composition of energetic ions. Hydrogen
craft surfaces may cause irreparable damage to spacekl), helium(He), and oxygerO) ENAs have been identified
systems®° Major geomagnetic storms lead to heating andby the first experimental ENA composition measurement in
expansion of the upper atmosphere. The atmospheric expathe terrestrial magnetospheéf&One expects to find also sul-
sion may lead to a significant increase of atmospheric draur (S) ENAs in Jupiter’'s magnetosphetgulfur is abundant
on low-altitude satellites and cause their premature reentnjin the plasma torus as a result of volcanic activity on Jupi-
Establishment of a national space weather service requirdsr’'s moon I9.
significantly improved understanding of adverse effects of  Extensive computer modelifg® %1%~ $redicts mag-
the disturbed space weather conditions on technologicaletospheric ENA fluxes escaping the earth’s magnetosphere
system&°9%7as well as capabilities of advance warning andoutward in the range 0.01—10 ¢fs ' srtkeV L. For ex-
storm predictior?®~3? ample, the ENA flux at 40 keV energy is~10?
Plasmas in different regions of the terrestrial magneto-x (d/Rg)? cm 2s 1keV ! at large distanced, from the
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FIG. 7. Two-shock model of the solar wind interaction with the local inter-
stellar mediumLISM). (TS) termination shock{HP) heliopause(BS) bow
shock; (CR) cosmic rays{ISG(P)] interstellar gagplasma; (B) magnetic
field.

600—700 km with less than 10% of ENAs affected. Actually
the disturbance of ENA fluxes would be smaller since the
effect of the collisions in the computer simulatiéhwas

He* + H—> He + H" overstated: the scattering angles of most of the ENAs that
O*+H — O + H* experienced an elastic collision would be smaller than the
angular resolution of an ENA instrument. In addition, some
elastic collision cross sectiott§ were calculated in the an-
gular range where the elastic scattering model assumption
was not valid. One can expect that the measurements of pre-

POLAR SECTION cipitating ENAs would be possible at altitudes as low as
THROUGH MAGNETOSPHERE 500—600 km.

FIG. 6. ENAs produced in charge exchange of ring current ions. The neu-
trals travel on straight line trajectories, mostly outwards, but a fraction im-
pinges on the upper atmosphere, and depending on species and energy, some, .
will then re-ionize, and near the equator become temporarily tragpéer < Heliospheric ENAs
Ref. 120)

fast slow fast  slow

The interaction between the sun and LISM is manifested
by the buildup of a heliosphefé’~**'The sun is a source of
earth® A typical angular resolution in ENA imaging instru- the highly supersonic flow of plasma called the solar
ments (an angular size of imaging pixelss 5°x5°~8  wind.}*71% Solar wind expands into the LISM which is
x 1073 sr, or smaller, and the expected magnetospherifilled with partially ionized interstellar gas, interstellar mag-
fluxes are in the range 16-10 ' cm2s 1keV™! per netic field, and cosmic rays. The LISM is a medium with a
pixel. small but finite pressure. The dynamic pressure of the ex-

An important type of ENAs can precipitate toward the panding solar wind flow decreases with distance from the
earth surfacé!®~123for example ENAs born in charge ex- sun, and at a certain distance the solar wind expansion must
change of ring current ioné~ig. 6). The ENAs may reach be stopped. The cavity containing the solar wind is called the
low altitudes where they are re-ionized by charge exchangheliosphere. The dynamic pressure of the solar wind varies
and newly born energetic ions are trapped by the magnetiby a factor of 2 during the 11-year solar cyéfthus result-
field.*?* The precipitating ENAs can be studied from low- ing in variations of the size and shaffeeliosphere “breath-
earth orbit spacecraft and were recently measured by thieag”) of the heliospher&®®:3’

CRRE$''% and ASTRIF??*18gatellites. The characteris- The heliosphere is a complicated phenomenon where so-
tics of precipitating ENAs are important for verification and lar wind and interstellar plasmas, interstellar gas, magnetic
testing of our theories of nocturnal thermospheric heatingfield, and cosmic rays play prominent roles. The structure of
low latitude aurorae, formation of a low-altitude ion belt at the heliosphere and its boundary, as well as properties of the
low latitudes, particle precipitation, and escaping neutralsLISM, are of fundamental interest and importance and the
The precipitating ENA fluxes may be as high asavailable experimental data are scarce and indirect. The he-
10* cm ?s tsrlkey 128111121 liosphere provides a unique opportunity to study in detail the

The measurements of precipitating ENA fluxes are posenly accessible example of a commonplace but fundamental
sible only at altitudes higher than a certain level where theastrophysical phenomenon—the formation of an astrosphere.
effect of collisions with ionospheric and atmospheric ionsA self-consistent model of the stationary heliosphere has yet
and neutrals is minimal. The collisions with atmosphericto be built and some aspects of the interaction, for example
neutrals are the most important limitati&ff,and the com-  temporal variations and instabilities, are not satisfactorily un-
puter simulation¥ showed that ENA measurements would derstood even on the qualitative level. The physics of the

be possible during solar maximum at altitudes higher thar.ISM is also poorly understootf&-14°
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Various heliospheric models were proposed for differentTherefore interstellar neutral atoms can be treated as indi-
solar wind plasma and LISM parametéf§ 130141-147A  yidual particles moving under the forces of the solar gravi-
possible heliospheric structure is shown in Fig. 7 for thetational attraction and solar radiation presstifeThe radia-
most advanced and quantitatively developed two-shockion pressure approximately counterbalances solar
model146:148-150A sypersonic flow of the solar wind plasma gravitation for hydrogen atoms but is unimportant for he-
terminates at a solar wind shock froftermination shock lium. Atom loss occurs due to ionization by charge exchange
(T9)] beyond which its kinetic energy is largely converted with the solar wind ions, solar EUV photoionization, and
into thermal energy of the subsonic plasma. A supersonicollisions with solar wind electrons, the latter process being
flow of the interstellar plasma“interstellar wind”) is  important only close to the sun<(1 AU).
stopped at the bow sho¢BS). A concept of interstellar hydrogen and helium atom pen-

The interstellar wind blows from a direction with ecliptic etration of the heliosphere is supported by extensive experi-
longitude 252° and latitudet+7° and with a velocity —mental observations. The techniques to study interstellar gas
26 km/s=5.5 AU/year®~1%¥and the heliosphere is likely to include observation of interplanetary gldwesonant scatter-
be elongated along this velocity vectd¥ig. 7). Solar wind  ing of the solar radiation in K 1216 A and He 584 A
anisotropy>® as well as the presence of tlfeurrently un-  lineg),}41-144.158-162¢etection of pickup ions in the solar
known) interstellar magnetic fieldtypical value 0.1-1 nI  wind,*®*~*®direct detection of interstellar helium fldx31>*
would result in deviations from cylindrical symmetry. The and astronomical observations of the nearby interstellar
earth is positioned in the upwind direction in the beginningmedium®1152167.168An important minor heliospheric con-
of June each year. Neutral interstellar gas consists mostlgtituent, oxygen, can be from interstelf®’® and
(80%-90% of hydrogen atoms with a number density magnetospheri¢’ sources. The number density of interstel-
0.05-0.2 cm?; the remaining atoms are helium with the lar neutrals filling the heliosphere is in the 0.01—0.1¢ém
addition of traces of heavier element€®, Ne, Ar, range.
etc).138-140155 |nterstellar gas is partially ionizeld®140:156 Another source provides neutral gas in the sun’s imme-
and the interstellar plasma is believed to have a number demlate vicinity (<0.5 AU). Interplanetary space is filled with
sity 0.02—0.1 cm®. The degree of interstellar gas ionization a population of interplanetary, or zodiacal dust that tends to
would affect the morphology of the heliospheric interfacecongregate toward the sun due to the Poynting—Robertson
region®° effect. The surface layer<(500 A) of the dust grains is

The estimates of the size of the heliosphere vary beguickly saturated by the bombarding solar wind ions, which
tween 70 and 120 AU. The closest possible position of thdeads to desorption of neutral atoms and molecules from the
termination shock is “pushed” steadily away from the sun surface to maintain equilibriuf?:142171-173The estimates of
by the Voyager 1 spacecraft, which was at 65.2 AU on Januthis neutral particle source suffer from a large uncertainty in
ary 1, 1997, and which continues to move in approximatelythe dust population and details of the outgassing process, but
the upwind direction with the speed of 3.5 AU/year. Voyagerthe neutral particle number density is unlikely to exceed
1 did not cross the termination shock yet. Another distan0.01 cm 3.
spacecraft, Pioneer 10, was at 66.6 AU downwind from the
sun on January 1, 1997, and it moves with the speed of 2.2, Interstellar gas (ISG) ENA fluxes
AUlyear. The Pioneer 10 scientific mission was terminated
several months ago due to decreasing capabilities of itaro
power system.

Neutral interstellar gag$lSG), which serves as a back-
und gas for ENA-producing charge-exchange collisions
in the heliosphere, can be directly detected by ENA instru-
ments. Fluxes of interstellar atoms can thus be called I1SG
ENA fluxes. Direct detection of ENA fluxes of interstellar
Production of heliospheric ENAs requires backgroundhelium atoms accelerated by the solar gravitation was re-
neutral gas. Two major sources of background neutral pareently demonstrated for the first time by the GAS experiment
ticles in the heliosphere are provided by the interstellar gasn the Ulysses spacecraf®*>*174~176The helium flux is
penetrating the solar system and, in the sun’s vicinityl0—10° cm 2s ! with atom energies in the 30—100 eV
(<0.5 AU), solar wind plasma neutralization on interplan-range.
etary dust. Planets provide localized sources of thermally Different radiation pressures and ionization rates lead to
escaping neutral atoms. The lifetime of a hydrogen atondifferences in properties of interstellar atoms in the helio-
with respect to ionization is about 20 days at 1 AU. Hydro-sphere. In particular, different interstellar species would have
gen would form a cloud with a radius of 0.01 AU around thedifferent fluxes and velocity distribution functions at the
earth. Thus the highly localized planetary neutrals can besame observation poitf.Expected fluxes of interstellar neu-
disregarded, when global populations of heliospheric ENAdrals at 1 AU vary from 16cm2s! down to
are considered. However ENAs emitted by giant plat@ts 10! cm 2 s and their velocities vary from 10 to 70 km/s
piter and Saturnmay substantially contribute to a global for an observer moving with the earth along its orbit around
population of heliospheric neutral minor constituents, viz.,the sun(orbital velocity of the earth is~29.8 km/g. The
atomic oxygernt®’ Ulysses instrument GAS is not capable of mass identifica-
Number density of interstellar gas is so smalltion, but an alternative detection technology based on surface
(~0.1 cm3) that atom mean free path with respect a colli- conversion to negative ions would be capable of ISG ENA
sion is larger than the expected size of the heliospheranass analysi¥'’’ Thus directin situ measurement of inter-

1. Background neutral gas
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stellar hydrogen, deuterium, and oxygen atoms is possible @ the energy range 100—800 eV. The ENA flux smoothly
1 AU but has not been realized yet. An accurate direct meachanges with the angle of observation, decreasing by a factor
surement of the interstellar deuterium-to-hydrogen ratio mayf 2 at 40° from the upwind directioh.

potentially provide important constraints on Big Bang cos-  The strong dependence of ENA characteristics on the
mology, and oxygen is important to the theory of stellar for-heliospheric properties makes ENA measurement an ideal

mation and evolution’ direct method to remotely study the distant boundaries of the
heliospheré.Only a remote technique can provide a global
3. Neutral solar wind (NSW) flux view of the structure and dynamics of the heliosphere. The

. . . ._heliosphere ENA imaging will become especially important
The understagdlng of the heliosphere penetration by "Nwhen a Voyager 1 spacecraft one day crosses the termination
terstellar neutrals® led to the development of a concept of a

L . . —.shock. Voyagerin situ measurement will allow ‘“calibra-
permanently existing neutral component in the solar Wlnd’tion” of the remote observations in one point-direction: the
This neutral solar windNSW) is believed to be born in b :

charge exchange between the solar wind ions and imerplaﬁrjeasurements of low-energy heliospheric ENAs would reli-

etary neutrald’® Solar wind plasma recombination contrib- ably establish the shape of the heliosphere on the basis of the
utes only a srT.1aII fraction to the neutral compongrif217 distance to the termination shock to be determined by Voy-

The NSW atoms move in the antisunward direction with®9¢" 1. The next opportunity to obtain data from the helio-

approximately a solar wind velocit800—800 km/s At 1 spheric interface byin situ measurements from ano?her
AU, NSW consists of neutral hydrogen and helium atomsspacecraf(planned Interstellar Prop@énay not come earlier
with an estimated flux of 0-10* cm?s™! depending on than year 2020.

the observer position at the earth’s of§iThe NSW consti-

tutes a 10°—10 # fraction of the solar wind at 1 AU. As the

solar wind expands toward the boundaries of the heliosphere,

the NSW fraction would increase to 10%—-20% and play an5 Hiah heliosoheric ENA
important role in the shaping the global heliosphéfg80 - Mgh-energy heliospheric o

The NSW flux may be significantly larger when relatively g 500 nlasma in the heliosphere and at its boundary is
cold solar material is occasionally ejected from the sun in th%ot in equilibrium and different processes result in distinc-

coronal mass ejection events. tive populations of highly energetic ions, which, after charge

Due to the earth’s orbital motion, the NSW flux would . ) .
: . . exchange, would produce high-energy heliospheric ENAs
be seen as coming from the direction several degrees off thﬁx ge, would procu '9 gy heliospner

. . . > .
sun for an observer moving with the eatfi:!®2 Detailed rom 10 keV up to>1 MeV)

e o o 1 S o s SUSDIETe l r onedand pes by e
within a few degree filed-of-viewFOV).133 An experiment : g

to measure NSW was prepared in the early 1980s, but rmﬁmkup ions are beheve(_j to be accelerate_d to high energies
flown yet 82 and can reenter the heliosphere as cosmic rays, convention-

ally called anomalous cosmic rayACRs).!® Charge ex-
change of ACR ions produces ENAs whose detection would

4. Low-energy heliospheric ENAs reveal details of ACR production and acceleration at the he-
If the supersonic flow of the solar wind plasma termi- liospheric boundary. N _ _
nates at a solar wind shock frofS), the plasma flow ki- Shocks in plasma efficiently accelerate ions to high

netic energy is largely converted into thermal energy of theenergies®>**! Various shocks travel through the helio-
subsonic plasmé&Fig. 7). There is a certain probability for Spheric plasma and serve a source of energetic ions and cor-
hot (T>100 eV) protons of the postshock solar wind plasmarespondingly high-energy ENAs. Complex shock structures
to charge exchange on background ISG between the termin the solar wind include merged interaction regigh8Rs)
nation shock and the heliopause and give rise to creation ¢ind corotating interaction regiof§IRs). High-energy helio-
fast hydrogen atoms. These atoms, called low-energy heligspheric ENAs are generated by charge exchange of ACR
spheric ENAs, were predict&t1%%in 1963; their character- ions, MIR, and CIR shock-accelerated ions, quite-time inter-
istics were studied theoretically?®142186-18%t never ex- planetary ions (QTIP), and energetic solar particles
plored experimentally. (ESP$.5811 Computer simulations predict complicated de-
Low-energy heliospheric ENAs are probably the only pendence of ENA characteristics on the direction of
messengers born beyond the solar wind termination shocbservatiorf:® upper limits of ENA fluxes do not exceed
capable of reaching the inner solar system with minimall0 2,-10 3 cm 2s *srtkeV ™! and decrease with in-
changes. The expected ENA flux is highly anisotropic: thecreasing atom energy. Theoretical models predict the maxi-
flux increases with the decrease of distance from the shock tmum of the ACR-produced high-energy ENA fluxes from
the sun, and the intensity and energy distribution of ENAsthe heliospheric tai{downwing region’®? which is exactly
are very sensitive to the details of the interaction of the solappposite to the direction where the maximum low-energy
wind with the LISM, the parameters of the LISM, and the ENA flux is expected. The analysis of the experimental data
characteristics of the distant solar wihdror a termination  from the CELIAS instrume#? on the SOHO spacecraft may
shock at 80 AU from the sun, the total expected ENA flux isproduce first experimental data on high-energy heliospheric
200 cm 2s 1 sr ! from the upwind direction, and atoms are ENAs in the near futuré®®
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Ill. BRIEF HISTORY OF EXPERIMENTAL STUDY OF T
ENAS IN SPACE

While there are a number of publications on different
aspects of the history of solar-terrestrial and magnetospheris
physics$®66:194-1%8ha story of ENA experimental study has
never been told in detail. The presence of ENAs in the ter- CHARGED PARTIC LE
restrial environment was reliably established for the first |~ DEFLECTOR +HV
time in 1950 by optical recording of Doppler-shifted hydro- 14¢m £
gen Balmer Hr emission(6563 A) in an aurord®2®The
precipitating hydrogen ENAs are born in the charge ex-

change between energetic protons and neutrals of the uppe RUBBER MAGNET

atmosphere and exosphere. Balme# Eimission is in the 1 &

visible wavelength range. It can be optically detected from Qur
the ground, and auroral emissions were extensively used ti *3.5kv
study the characteristics of energetic particfés® While | A| “30v

hydrogen Balmer lines were observed in the auroral regions
since the late 193082 it was not until 1950 that a Doppler-
shifted Hx line was unambiguously explained with the pres-
ence of hydrogen ENAS?

The importance of ENA production processes for the
magnetosphere was underst@bdy noting that the proton— s
hydrogen atom charge exchange cross section was rathe
high for collision velocities less than the electron velocity in
a Bohr orbit, i.e., for protons with energies25 keV (Fig.

2). Charge exchange determines many important properti§Sc. 8. schematic representation of the first ENA instrument flown on a
of geomagnetic storms. The “main phase” of a geomagneticounding rocket in 1968. The instrument consists of charged particle deflec-
storm may last from 12 to 24 h, and it is characterized by dor, ultrathin carbon foil, electrostatic analyzer, and ion dete¢idter Ref.
weakening of the geomagnetic field. The main phase is usuz—lz)‘
ally followed by a “recovery phase,” when a gradual field
recovery toward the initial undisturbed value of the geomagwas produced by resonant scattering of the solar radiation by
netic field is observed. The recovery time constant may be interstellar gas directly entering the solar
day or sometimes longer. systemt#1-144158-161The “retyrning” neutral solar wind

It was suggested for the first time in 1959 that chargeflux*® is believed to be significantly smaller and highly
exchange between the magnetic storm protons and neutrahisotropic’
atmospheric hydrogen atoms provided the mechanism for the It was also suggested in the early 1960s that a large
recovery phasé’ The charge exchange process leads to theumber of neutral atoms could be present in the solar wind
production of fast hydrogen atoms and observation of suclas transients due to ejection of solar matter in violent
atoms was first proposed in 1961 as a tool to study the protoavents’®”-2%8 Neutral hydrogen atoms in solar prominences
ring current present during a magnetic stdfils source of  are observed optically, and it was argued that they may reach
ENAs beyond the magnetospheric boundary, viz., charge ext AU. The follow-on calculatiorf®®?°showed that most of
change between the solar wind and the escaping hydrogehe neutral atoms would not survive travel to 1 AU because
geocorona, was also identified for the first tiffiéelhe con-  of ionization by solar EUV radiation and electron collisions.
cept of imaging the magnetospheric ring current in ENAThe neutral component of the solar wind is born mostly in
fluxes from outsid® and, “in a limited fashion,” from charge exchange between the solar wind ions and interstellar
inside** was introduced much later in 1984. gas filling the heliospher&:142:178

The presence of atomic hydrogen in interplanetary space Direct ENA measurements promised exceptional scien-
was first derivef® in 1963 from sounding rocket tific return, but the necessary instrument development
measurementS’ of Doppler-broadened hydrogen loy- was only started in the late 1960s by Bernstein and
(1216 A) radiation (see also review of the early study of co-workerd!®211-233t TRW Systems Inc., Redondo Beach,
extraterrestrial Lya radiatiorf®). It was recognized since California. Direct,in situ measurement of ENA fluxes in
the late 1950s that Doppler shift measurements could distinspace was first attempted on April 25, 1968 in a pioneer
guish between the telluri¢ggeocorona and interplanetary rocket experiment!® The first dedicated ENA instrument
hydroger?® The emerging concept of the heliosphéfevas ~ was launched on a Nike—Tomahawk sounding rocket from
extended in 1963 by the suggestion that about half of thé&ort Churchill, Manitoba, Canada. This experiment was fol-
solar wind protons would reenter the solar cavity in the formlowed by the launch of a similar instrument on a Javelin
of hydrogen ENASwith 3/4 of the initial solar wind veloc- sounding rocket on March 7, 1970 to an altitude of 840 km at
ity) as a result of processes at and beyond the solar winwallops Island off the coast of Virginid® The experiments
termination regiort® It was established later that an inter- detected hydrogen ENA fluxes in the range
planetary glow in the hydrogen and helium resonance lined0®—1F cm 2s 1sr! with energies between 1 and 12

/

-HV SWEEP
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keV. The reported ENA fluxes were considered by many as The interest to the concept of a mechanically moving
excessively high, however these results have never been deNA velocity selector was recently revived by suggestion to
rectly challenged in the literature. use unconventional high-frequency mechanical shutters
The first ENA instrumert? is shown in Fig. 8. It had mounted on ceramic piezoelectric crysti&.Such an ap-
many features and introduced many components and teclproach seems to be especially promising for the study of
nigues that would later on become widely used by varioudow-energy ENAs, but further development is needed to
modern ENA instruments. The instrument was based on foildemonstrate its feasibility.
stripping of ENAs and subsequent analysis of the resulting  The initial ENA measurementS?*were not repeated
positive ions. Electrostatic deflection plates were used to reand/or independently verified, and they were largely ignored
move incident protons and electrons with enetg®5 keV at by the space community. Exceptionally strong EUV/UV ra-
the entrancdthe instrument also had an additional 100 Gdiation background was identified as a major obstacle for
magnetic field to remove electrons with energies0 keV). reliable ENA measurements in space, and experimental dif-
The deflection plates served to define the solid angle of théculties were perceived as insurmountable by many at that
instrument. ENAs were stripped passing an ultrathintime.
(2 wglen?) carbon foil mounted on an 80% transparent grid. Three groups accepted the experimental challenge and
A hemispherical energy analyzer, which focused the ions irtontinued independent development of dedicated ENA in-
one dimension, was used for energy analysis. The strippestrumentation in the late 1970s. A group at the Max-Planck-
ENAs, protons, in a selected energy range, passed througdhstitute for Aeronomy(MPAe), Lindau, Germany targeted
the analyzer and were counted by a channel electron multdirectin situ detection of interstellar helium flowing into the
plier (CEM). Use of two additional identical instrument sec- solar system’*’® (The experiment was suggested for the
tions without deflecting voltage and without an ultrathin foil first time in 1972 in a proposal by H. Rosenbauer, H. Fahr,
allowed the simultaneous measurement of proton fluxes anand W. Feldman Another group at the Space Research In-
the monitoring of the background count rate during the exstitute(IKI), Moscow, USSR, planned to measure the neutral
periment, respectively. component in the solar wind and heliospheric
An attempt to measure ENAs was made in the RIEPENAs1’7182217t js interesting that the Moscow group ini-
experiment(a Russian acronym for “registerer of intensity tially considered also direcin situ detection of the interstel-
of electrons and protong”on the Soviet Mars-3 interplan- lar helium flu¥*® but ultimately decided to concentrate on
etary mission(launched May 28, 1971; entered low Mars the neutral solar windNSW) and heliospheric ENAs. The
orbit on December 2, 1971The experiment was designed to NSW experiment was actively supported by a group at Space
measure the energy distribution of plasma ions and electrorfResearch Center in Warsaw, Poland, which also theoretically
in the Mars’ environment as well as in the solar wind duringstudied heliospheric ENAs and ENAs produced in the giant-
interplanetary coast. The RIEP instrument consisted of eighplanet magnetospher&S-22A third group at the University
separate cylindrical electrostatic energy-per-charge analyzf Arizona focused on the possibilities of measuring ENAs
ers, each followed by a CEM to count particfé8Each ana-  in geospacé??
lyzer unit was designed to measure charged particles of a The GAS instrumentf® to directly detect fluxes of inter-
selected energy-per-charge ratio. Two ultrathin carbon foilstellar helium E=30-120eV) had a dramatic history of
(150 A~3.5 uglen?) were installed in front of two of the being completely redesigned and built within a record 3
eight analyzers. A comparison of count rates from analyzersonth period in an “almost super-human effort’® which
with and without foil while measuring particles with the had become necessary to realize the original experimental
same energy-per-charge ratio was expected to provide infoconcept on the European-built Ulysses probe after cancella-
mation on high-intensity neutral atom fluxes. No chargedtion of the U.S. spacecraft. The GAS was then successfully
particle deflectors were used in front of the ultrathin foils, flown!>31%*17%9n Ulysses which was launched in 1990 after
and the experiment failed to establish ENA fluxes, which aremany delay€?® including the one caused by the Space
usually relatively weak. ShuttleChallengerexplosion. The neutral helium instrument
Another ENA instrument, a slotted-disk velocity selec-is based on secondary ion emission from a specially prepared
tor, was successfully built and mechanically and electricallysurface'”>'"® The experiment has produced unique data on
tested in a rocket flight in 197! This narrow(FOV) in- interstellar helium characteristics and ENAs emitted from Ju-
strument, which demonstrated efficient rejection of chargegiter’s lo torus and continues operating successftify.
particles and photons, was especially suitable for measure- A new ultrathin-foil based “direct-exposure” technique,
ment of ENAs with velocities<500 km/s E<1.3 keV/  which does not require stripping of incoming ENAs, was
nucleon. It is interesting(see below that measurements of developed by the Moscow group to detect the neutral solar
the interstellar helium flux and of the neutral component inwind.}”"*82217"NSW measurements can be performed from
the solar wind were considered as possible applicatiths. an interplanetary or high-apogee earth-orbiting spacecraft by
Apparently due to large size, mass, and power consumptiopointing the instrument several degrees off the sun. The pos-
as well as the torque exerted on a spacedthé instrument sibility of taking advantage of the aberration caused by the
included at least two disks 16.24 cm in diameter on a shafearth’s motion around the sun was first suggested in £475
74 cm long spinning at 4:%10* rpm) this instrument was and was independently “rediscovered” laféf:182
never used for ENA measurements, and the technique devel- The NSW instrument was built for the Soviet Relikt-2
opment was discontinued. mission which was originally planned to be launched in
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19872 The initial experiment also included measurements  The interest in ENA characteristics and instrument de-
of ENAs from the heliospheric interface and ENAs emittedvelopment began to grow after the serendipitous discovery of
from the terrestrial magnetosphere. Detection of ENAs esENAs made by energetic particle instruments on several
caping Jupiter and Saturn was also expectéd?’??*The  spacecraft. Energetic particle instruments are usually based
Relikt-2 mission was postponed many times, and is stillon solid state detectors and often capable of discriminating
awaiting launchinow scheduled for 1999 against electrons. However, such instruments generally can-
The NSW instrument included a diffraction filté#??°to  not distinguish between a charged particle and an ENA.
significantly increase the ENA-to-EUV/UV photon ratio in Therefore an energetic particle detector would efficiently
the sensor. The filter was optional for the plannedserve as an ENA detector only in the absence of the normally
measurement$? and it was not fully developed, when the abundant ions. Only  high-energy ENAs E (
instrument was built. A new diffraction filter technology is >10-20 keV/nucleon) can be detected by such instruments.
emerging?®®??’and a new generation of diffraction filters for Analysi®® of inconsistencies in interpretation of ener-
ENA instruments is currently being developed and evaluatedetic particle measurements by the IMP 7 and 8 satelldes

(see Sec. VI F??8-21 An introduction of the diffraction fil- ~30—35Rg from the Earth led to the conclusion that a
ters opens the way to take full advantage of a highly efficientertain fraction of counts during periods of very low
direct-exposure technique. fluxes*® was caused by radiation belt-produced ENAs with

ENA instrument development in the late 1970s and earlyenergies 0.3—-0.5 MeV.
1980s did not attract much attention in the space community, Both energetic ions and neutrals were detected during
and did not enjoy enthusiastic support of the funding agenthe magnetic storm in 1982 by the SEEP instrument on the
cies. However, the importance of ENAs for mass, energyS81-1 spacecraft at low altitude. A double charge-exchange
and momentum transport in space was established and nawechanisn{Fig. 6) was invoked to explain the observations,
opportunities offered by remote ENA imaging in separatingand it was also suggested that measurements of energetic
spatial variations from temporal ones in space plasmas wenmeutral atoms at low altitude “might be able to image, in a
gradually recognized. limited fashion, the integral ion intensities of the ring current

Several measurements of large fluxes of iors ( as a function of latitude and longitude™
<10 keV) near the equator at altitudes below 600 km had ENA fluxes of nonterrestrial origin were detected on a
been reported since the early 1968%5Fluxes of high-energy Voyager 1 spacecraft during flybys of Jupf€r and
ions (0.25<E<1.5 MeV) were measured later at low alti- Satur$*®in March 1979 and November 1980, respectively.
tudes by the German AZUR spacecr&ft?®3and the ions The low energy charged particld ECP) instrument on
with energies down to 10 keV were detected there inVoyager-1 included a silicon detector to accumulate counts
1973234 Theoretical calculations predicted a short lifetime from eight separate directions in the ecliptic pl&feThe
for such low altitude protons near the equator due to colli-detector was designed to measure i(@lsctrons were swept
sions with atmospheric particles. The proton loss thus reaway by magnetic fieldwith energies>40 keV.
quired an injection of protons in a limited region below 600 During the approach to Jupiter, when Voyager 1 was still
km. The required proton source to compensate proton lossutside the gigantic Jovian magnetosphere, an excess count
due to interaction with atmosphere must also be atmospherate was measured in the sector containing the planet in its
dependent. The explanation, found in 1972suggested that FOV. The detector characteristics limit the possible sources
trapped energetic ions in the ring current at much higheof the excess counts to energetic ions, x rays, and ENAs. No
altitudes produce ENAs in charge exchange, and a fraction agnergetic ion fluxes with required intensity and energy were
these ENAs reaches low altitudes where they are re-ionizeexpected at the location of measurements since there were no
by charge exchange and are consequently trapped by mamagnetic field lines connecting to Jupitéf.lt is known that
netic field (Fig. 6). X rays can be generated in planetary magnetospheres by pre-

In the heliosphere, the neutral solar wind is believed tccipitating energetic electrons, usually in polar regions. Con-
provide a transport mechanism similar to that of magnetosideration of x-ray generation showed that the required
spheric ENAs®® As the solar wind expands toward the fluxes of electrons were several orders of magnitude higher
boundaries of the heliosphere, the neutral fraction in the sathan those found in the Jovian magnetosphere. The conclu-
lar wind gradually increases to 10%—20% at the terminatiorsion of data analysis was that “the only remaining possibility
shock (Fig. 7). While the solar wind plasma flow is termi- of explaining the excess counts ... is energetic neutral
nated by the shock, the solar wind ENAs easily penetrate thatoms.’?®” The energy dependence of the observed ENA
region of the heliospheric interface and enter the LISM,spectra was similar to the one established for energetic ions
sometimes called “very local” interstellar medium in the magnetosphere during the close flyby.
(VLISM.) The solar wind ENAs thus interact with the ap- A similar excess count rate was measured one and a half
proaching local interstellar plasma via charge exchange witlyears later during the flyby of Satuff Here again the ob-
plasma protons. Hence, the boundary of the region of theerved count rate, if interpreted in terms of x rays, cannot be
sun’s influence, the solar system “frontier,” extends furtherreasonably related to precipitating magnetospheric electrons.
into “pristine” interstellar medium. The significance of this It was concluded that “charge exchange of energetic ions
neutral solar wind effe¢f on LISM was recently confirmed with satellite tori is an important loss mechanism at Saturn as
by detailed computer simulations of the heliosphericwell as at Jupiter.?38

interface#®1%0 Possible ENA signatures in the experimental data ob-
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tained by energetic particle instrumefifson IMP 7,8 and  sphere is firmly establishéd®%°11:12Computer simula-
ISEE 1 were analyzed in 1982%2%2 Detection of ENAs tions of low-energy®~11® and high-energl}!116:118.246.247
(E~50 keV) was unambiguously established, and theifENA imaging emphasized the importance of ENA measure-
source was identified as the ring current in the terrestriaiments throughout a wide energy range from few eV up to
magnetospher®’ Coarse spatial information on ENA- several hundred keV. Various aspects of heliospheric ENA
producing regions was derived and ENA energy distributiorglobal imaging were theoretically studied for various species
and mass composition were determined. The ENA measure@nd energy ranges?157:192.248
ments were made from positions where magnetic field lines The first ENA detections obtained from planetary mag-
allowed only negligible fluxes of energetic ions, so that thenetospheres in the early 1980s triggered new interest in de-
detectors counted only ENAs. The analy®iof these mea- veloping dedicated ENA instrumentation: various techniques
surements was a major milestone in validating the idea thdor detection and imaging of low- and high-energy ENAs
the global magnetospheric processes can be efficiently stusvere proposed and their laboratory evaluation was
ied remotely by measuring ENAs. It was also suggested thdiegun?*®249->*Several new research groups have entered
ENA imaging could be used to study the magnetospheres dhe ENA-imaging field since then and significant improve-
Jupiter and Saturt’ ments of the known experimental techniques as well as a
The follow-on analysis of the ISEE 1 data demonstratediumber of innovative approaches were proposed, especially
the powerful potential of the ENA detection as an imagingfor low-energy ENAg!0:125,216,225,228-230,254-258
technique by reconstructing the first ENA global image of ~ NASA recently selected an IMAGE mission to perform
the storm-time ring current(at E~50keV).”® The comprehensive imaging of the terrestrial magnetosphere in
instrument®® on ISEE 1 was capable of measuring the in-EUV, FUV, and ENA fluxes. A sophisticated first large size
coming ENA flux, and imaging was performed by a combi- ENA camera INCA* on Cassini will soon perform ENA
nation of spacecraft spin and instrument axis scanning by Bnaging of the Saturnian magnetosphere and the exosphere
moving motorized platform. A procedure for computer simu-Of the Saturnian moon Titad?
lation of all-sky ENA images was established and the theo-
retically predicted images were compared with the ring cur-
rent image obtained by ISEE 1 at a radial distance ofR&6 V. ENA IMAGING
during a 5 min observation. A. ENA imaging concept and major instrument
The analysis of excessive count r&fé<® detected by requirements

Voyager 1 during Jupiter and Saturn flybys allowed one o An energetic ion gyrates about a magnetic field line in
determine some ENA characteristics in the vicinity of thespace([:ig_ 3. When charge exchange occurs, the resulting
giant planets®® Further computer simulations of expected ENA is liberated from the magnetic field and, as a stone
ENA emissions demonstrated the efficiency of ENA imagingfrom a slingshot, it moves straight away from the point of its
as a tool to study the magnetospheres of Jupiter and Satugirth. Reconstruction of a global ENA image requires mea-
from flyby spacecraft and orbitet§110224.243 suring ENA flux dependence on the direction of observation:

Use of energetic particle instruments for detection ofthe instrument has ideally to determine the trajecidlight
high-energy ENA fluxes in the absence of ions became adirection of each individual ENA, identify its mass and en-
established experimental technique. The storm-time ENAergy, and accumulate the image in the memory. A sequence
images of the polar caf' were recently obtained by the of ENA images(for different masses and energiesould
CEPPAD experimefi® on the POLAR spacecraft. The in- allow direct observation of global plasma dynamics, e.g.,
strument cannot distinguish between ions and neutrals, argevelopment and decay of a ring current during magnetic
the ENA images were recorded during the portions of thestorms and variation of the heliosphere’s size and shape dur-
spacecraft orbit where the fluxes of the charged particleing the solar cycle.
were very low. Some plasma ions, for example Hand O, can be

An instrument with a dedicated high-energy ENA (20 imaged optically by registering resonantly scattered solar
<E< 1500 keV) detection channel was flown on the CRRESphotons at =304 and 834 A, respectivefyf®247:260-263 .
satellite in 199F12°The neutral channel that consisted of alike He™ and O', protons, the most abundant component of
magnetic deflector followed by a solid-state detector measpace plasmas cannot be imaged optically, which makes
sured ENA fluxes precipitating to low altitudes at the equa-ENAs in many cases the only tool to study processes of
torial regions. A small geometrical factor put limit to the interest remotely. ENA imaging, complemented when pos-
imaging capabilities of the instrument. A conceptually simi-sible by imaging in the EU¥?472%%and FU\?%4?%®spectral
lar ENA instrument was recently flown on ASTRBZ A ranges as well as x-ray imag#t§-®”and radio soundin®
more sophisticated high energy partidldEP) instrument  promises a breakthrough in our understanding of plasma pro-
(10-100 keV ENAswas launched on the GEOTAIL space- cesses in and dynamics of the magnetosphere and helio-
craft in 1992%° sphere.(Feasibility of locating and monitoring the position

The current phase in the study of ENAs in space plasmasf the earth’s magnetopause and plasmapause by a radio
is characterized by extensive computer simulations of ENAvave sounder from a high-altitude satellite is presently being
images, novel instrument development, and the preparatiointensely debatetf®-27)
and planning of a number of dedicated ENA space experi- An ENA instrument ideally has to perform the following
ments. The concept of global ENA imaging of the magneto-specific functions:
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(1) to prevent charged particles from entering the instru-
ment;

(2) to suppress background EUV/UV radiation;

(3) to identify the incoming ENAJi.e., to determine mass
and energy,

(4) to determine trajectories of the incoming ENAmag-
ing); and

(5) to provide a dynamic range covering ENA fluxes from
10 % to 1 cm ?s tsrtin the energy range from a
few eV up to>100 keV.

An instrument deflector-collimator would define the
FOV and prevent ions and electrons from entering the instru-
ment. The required mass resolution is usually modest: to
distinguish among hydrogefi amy, helium (4), and oxy-
gen(16) atoms. One can also expect sulf@2) ENAs in the
Jupiter's magnetosphere.

ENA images can be obtained either from a three-axis
stabilized spacecraft or from a spinning spacecraft. The re-
quirements of ambient ion deflection favor a slitlike instru-
ment aperture for imaging in one dimension or(igec.

VI B). The imaging in the second dimension can be obtained
by using spacecraft spinning. In that case one records one-
dimensional images for consecutive orientations of the
spacecraft, which may be only a few degrees apart, as the
spacecraft spins about its axisstantaneous orientation, or
attitude, of a spacecraft is usually known with high preci-
sion). A two-dimensional composite image is then recon-FIG. 9. Two imaging geometries: imaging from inside-out and imaging
structed from a set of one-dimensional images. A onefrom outside.

dimensional imager on a spinning platform has become a

favorite configuration for ENA experiments. gen, and nitrogen spectral lines. The most important spectral
lines of nightglow are hydrogen H1216 A and helium He

584 A273 The nightglow intensity is 3600 R, which is 4—11
orders of magnitude higher than expected ENA fluxes.

Background EUV/UV photons may trigger MCP detec-  Interplanetary EUV/UV glow is produced by resonant
tors in ENA instruments either directly or via photoelectronscattering of solar radiation by heliospheric hydrogen and
emission from foils and other exposed surfaces. The spectralelium atoms. The glow brightness depends on the direction
range of concern is usually limited to wavelengths of observation and varies between 500 and 1000 R in H

<1400 A. An exposure to direct solar light will “blind” and 1216 A and between 1 and 10 R in H684 A at 1 AU.
may permanently damage an unprotected instrument. A

special photometric unit, 1R1 Rayleigh=10%4+
cm 2s tsrl is used to describe diffuse photon fluxes. If
one applies the same unit to neutral particle fluxes, then an An ENA image of a plasma object ideally consists of a
ENA flux of 1 cm ?s 1 sr Y would correspond te-10"° R.  set of images obtained for different particle massesg., H,
Thus the expected magnetospheric and heliospheric ENAle, and O in different energy range.g., 1-5, 5-10, and
fluxes are in the 10°—1 R range. 10-20 keV, .). ENA imaging thus includes two interrelated
A strong background EUV/UV radiation makes space artasks, viz., obtaining the object’s image and ENA identifica-
exceptionally inhospitable place for ENA measurementstion (mass, energy, and velocjtyWe will consider these two
The major EUV/UV source in the magnetosphere is the daytasks separately, and then demonst(&ec. VI) how they
glow at the sunlit side and the nightglow at the night side.are combined in the instruments. The images of plasma ob-
The glow arises from scattering of sunliglmcluding mul-  jects can be obtained in two ways: observing an object from
tiple scattering of photons in sometimes optically thick envi-a remote vantage point outsidexternal imaging and ob-
ronmenj and emission associated with various collisionalserving from within a plasma object, the inside-out internal
processes in the upper atmosphere, exosphere, anmaging(Fig. 9. The ENA emitting plasma can be assumed
ionospheré!1° Typical dayglow and nightglow spectra con- to be “ENA-thin” with the exception of the measurements
tain a number of EUV and UV spectral line$2"3At 600  at low-earth orbit, where multiple charge exchange may be-
km altitude, the total dayglow intensities are 54 kR and 25come important.
kR for observations down and up, respectivéThe most Imaging from outside can be performed from a space-
prominent lines are hydrogen H1216 A and oxygen @ craft flying by a planetary magnetosphere, or from a space-
1304 A with significant contribution of other helium, oxy- craftin a high-apogee or high-altitude orbit. The high-apogee

Imaging from outside

B. EUV/UV background radiation

C. Imaging basics
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To
Apogee north ecliptic D(s,E)= f dt
(9R¢) pole (E) o

\

allows for extinction of ENAs on their way from a point of
birth to an observation poir®, andg is the ENA loss rate
(charge exchange, electron impacts, and photoionization
The ENA flux reaching the observer from a given direction
is thus determined by an integral along the line-of-sight
(Fig. 12), and the flux contains information on the velocity
distribution function of ions along the line-of-sight.

An ENA image is reconstructed by measuring the ENA
‘;G\ flux dependence on the direction of observation. The record-
ing of ENA images is complicated by fast motion of the
spacecraft and by differences in ENA velocities. The space-
craft motion puts the limit on possible image accumulation
time, which may be in conflict with the desired statistical
accuracy. The observer motion may also become advanta-
geous if it allows derivation of the ENA velocities due to the
aberration effect. For large distances between of the space-
craft and plasma object, high-velocity, and slower ENASs si-

\GC\"‘; multaneously emitted by the same plasma region would be
o ) . N . .
(c\@;\\ Perigee (1000 km) detected at different times. This time difference varies from 1

to 15 min for earth magnetosphere imaging from a high-
FIG. 10. imaging of the terrestrial magnetosphere from a hypothetical highamt.Ude spgcecraft to more than a year for the imaging of the
apogee polar orbit. Magnetic field lines crossing the magnetic equator dneliospheric boundary from 1 AU.

three and five earth radiL(=3,5) are shown for referencéAfter Ref. 5) An ENA image is a projection of a three-dimensional
ENA-emission plasma object on a two-dimensional image

configuration is illustrated in Fig. 10. The most advancedplane' The interpretation of images thus becomes model de-

ENA imaging missions, such as Cassini at Saturn, utilizP€ndent. Image invers_ion is_ a specialized &féahat is be-
external outside viewing geometry. An example of theYond Fhe scope of this ariicle. We only note that forwa_rd
inside-out internal imaging is observation of the heliospheremOde_IIng is often _used as a method of choice of treapng
(Fig. 7) from the earth’s orbit and study of precipitating mag- ENA images, that is varying the .free parametgrs to achieve
netospheric ENA fluxe&Fig. 6) at low-earth orbit. The mea- the best fit of the model predictions to experimentally ob-

H H ,2,5,79,116 4 i i : H H :
surements of the latter type were performed on CRi2Esd ~ t@ined images: It is important that ion distribution
ASTRID?222 missions functions may not be entirely independent in different mag-

netospheric regions. Energetic ion motion in the magneto-
sphere is constrained by magnetic field geometry, which al-
lows one to relate ion characteristics in spatially separated

The ENA flux jenai(cm 2s tsrtkev™?) of a given
species from a given directiors (Fig. 11) is

: . areas. Significant progress was achieved in applying discrete
Jenai(SE)= Lji(s’E)Ek: Loi(E)NK(s)] inverse theory to optical geophysical imag&which may

also be used for some aspects of ENA imaging. Inversion of

xexd —D(sE)]ds, ENA images requires accurate knowledge of the instrument

t Characteristics such as the FOV and detection efficiencies.
Future ENA experiments will also perform simultaneous ob-
x.servations from multiple spatially separated spacecraft to
achieve tomographic imaging of planetary magnetospheres.
The ENA fluxes are usually weak and the observation
time is limited. Consequently a number of counts in an im-
age pixel is mostly small and, as a result, significant statisti-
cal noise due to the random nature of the particle flux is
often experienced. This noise is present even in the absence
of the detector intrinsic noise. The trade off between the
observation time and the desired image angular resolution
and “photometric” accuracy is one of the most important
goals of the modeling of an ENA imaging experiment.
A weak ENA flux cannot be collected and concentrated
by diffracting and/or refracting elements as it is done in op-

FIG. 11. Geometry of remote sensing of an ion population by measuring_}ics- _m EDLSZ;’?SPGCL ENA _imaging is Sim"ar to hard x-ray
ENA fluxes from an observation point O. imagings'™<’> Reconstruction of the trajectories of indi-

where j;(s,E) is the directional differential flux of paren
ions, n(s) is the number density of neutral speclesf the

background gasg;(E) is the energy-dependent charge e
change cross section between ions of speciasd neutrals
of species, the factor
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A the pinhole should be for the same area of the image in the
focal plane. The speed of the image forming system may not
suffice to produce an image of the desired photometric qual-
ity during a given exposure time. The situation may be also

aggravated by the detector noise independent of the object
image. (This noise should be distinguished from the noise
due to random nature of the incoming particle flux, which is
Pinhole object-dependept
The coded-aperture technique was proposed simulta-
neously and independently in the mid-1980s by two
group$*®?"8t0 enhance performance characteristics of ENA
instrumentation. One group suggested installing coded-
aperture masks at the instrument entrance to increase geo-
metrical throughput!??76-2"8another group argued that al-
though a coded aperture was not superior to a pinhole in
terms of the signal-to-noise ratio for magnetosphere imaging,
the coded-aperture camera would allow efficient use of the
same sensor for imaging simultaneously in both low- and
Imageplane  high-energy ENA fluxe$™
The coded-aperture technique is based on simultaneous
FIG. 12. Pinhole(A) and coded-aperturéB) imaging cameras. use of a number of pinholes. The images formed by the
pinholes mix (multiplex), overlap and superimposénot
vidual ENAs can be achieved by a two-point trajectory ex-matching each othgand produce picture at the instrument'’s
trapolation, when the location of particle entry into the in-image plane non recognizable at first glahE&. 12B)]. If
strument is connected by a straight line with the point ofa pinhole pattern is selected in a proper way, then it is pos-
ENA impact on the instrument “focal plane,” i.e., the plane sible to unscramble the resulting image by postprocessing,

where the ENA image is formed. while minimizing errors and artifacts, and produce the image
The point of ENA impact can be determined by a of the object.

position-sensitive detector. The simplest way to determine |mage multiplexing was pioneered in 196822 and
the entry point is to restrict the entry area by a mechanicajsed many times in space and laboratory experi-
aperture: this is a pinhole camefRig. 12A)]. In a one-  entg2?4275.281-288 Uniformly  redundant  array&289
dimensional imaging system a slit would play a role of a(yrAs) of pinholes were found to provide the most efficient
pinhole. Another approach is based on placing an ultrathinhertyre coding with minimal imaging artifacts. URAs are
foil at the instrument entrandsee Sec. VI Aand determin- 5564 on pseudorandom sequeff%é&lwidely used in the
ing the position of ENA entry by measuring electron emis-.,mmunjcations technology. A conceptually similar tech-

s?on frqm the foil caused by the p_assing E_NA' Since an ENAhique with multiplexing in time instead of space is success-
flight direction may be changed in the foil passdgeatter- fully used in neutron scatterif® and molecular beaf*2%4
ing), the latter configuration allows reconstruction of the experiments

ENA trajectoryinsidethe instrument after the entrance foil. A detailed comparisd¥® between pinhole and coded-

imag?lnhgl]l?n 21ns;r22|§rg?nrg?1§ecﬁ1ri?ﬁ;§il(;Zr;ngfaszerg Il;;ritsglgaperture cameras is summarized in Table |. Three factors are
high-energy ENAs. The direction of high-energy ENA ar- most important in the selection of the ENA imaging system.

rival practically coincides with the particle trajectory inside First, the magr?etospljen.c and hellospherlc_ Images are ex-
the instrument, and the latter trajectory can be used for ENA ected to be widely distributed structures with slowly vary-
image reconst'ruction A low-energy ENA would signifi- ing brightness rather than starlike objects. Second, the detec-
cantly scatter in the f(.)il. Consequently, the imaging in low- O noise (with the exgeption OT the_s_tatistical noise due to
energy ENA fluxes requires a pinhole camera with a disad[ar_]do_m hature of.part|cle fluxess efficiently suppress-e.d by
vantage of low instrument throughput. In the context Ofcomm-dence reguwements employed by ENA identification
imaging, the division of particles in high-energy and low- technigues. Third, EUV/UV background radiation may over-

energy ENAs depends on the foil thickness and the requirelp2d MCP detectors in the sensor.
angular resolution. The coded-aperture technique is advantageous when
used for the detection of starlike objects and in the presence
of the object-independent detector noise. Pinhole cameras
seem to be superior for ENA imaging since they are simpler,
A pinhole camera provides excellent imaging but re-more tolerant to background EUV/UV, and free of the prob-
quires relatively high ENA fluxes. ENA fluxes in space arelems with object partial coding, while the coded-aperture
weak, and an increase of the instrument’s geometricalechnique is prone to artifacts> Additionally, even small
throughput, or geometrical factor, is of paramount impor-manufacturing imperfections of coded-aperture masks may
tance. The greater the desired angular resolution, the smalleesult in very complex imaging artifact®®?°” A pinhole-

B

Coded aperture

D. Coded aperture versus pinhole
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TABLE I. Comparison of pinhole and coded-aperture imaging systems for ENA imaging of space pltasmas.

Characteristic Pinhole camera Coded-aperture camera

imaging of starlike objects inferior superior

imaging of objects with slightly superior in the absence slightly inferior in the

uniformly distributed brightness of noise; absence of noise;
becomes inferior with the becomes superior with the
increasing of detector noise 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 insignificant significant

to the EUV/UV background

electronic adjustment of the impossible possible
resolution
simultaneous use for high- no yes

energy ENA imaging

manufacturing imperfections negligible effect can be significant;
image artifacts

simple/complex simple complex

aAfter Ref. 295.

type camera is thus an imaging configuration of choice, athanical choppers are unacceptably large and heavy for

least for the experiments in the near future. space instruments, however recent sugge$tian mechani-
cally modulate the incoming ENA flux by miniature trans-
V. ENA DIAGNOSTICS OF FUSION PLASMAS mission gratings may open a way for this technique in space
ENA diagnostics is a well-established approach to studynstruments.

diagnostics have been successfully used in various formégcently implemented for fusion plasma diagnostiés’®A
since the early 1966%%°! at many magnetically confined similar approach for detection of ultralow-energy ENAs in
plasma machines, e.g., T-3%4DOUBLET 11,3 PLT 34303 spacé®!’” has tremendous promise when fully developed
TFTR3% 2XIIB,3%® JET3%3% ASDEX 30" JT-603%83%°  and will be discussed in some detail bel@@ection VI G 2.
RFX*® MST ! and TORTUR?***The energy range of Similarities between ENA imaging of space and fusion plas-
the measured neutrals extends from a few hundret®eV  mas led to the proposals of application of recent technologi-
up t0 0.1-1.0 Me\?_. o _ cal advances in space instruments to fusion plasma
Most of the fusion plasma ENA analyzers in the energydiagnostics°’.2°
range 0.5-100 keV are based on ionizing the neutrals in
special stripping cells and subsequent analysis of positive
ions. A stripping cell is usually filled with g&%392:308.311,314
or plasma*® Pulsed gas and pulsed plasma targets have been
also used to increase stripping efficiency while minimizing
the load on vacuum pumps. One of the major advantages of
gas targets is minimal disturbance of the neutral atom energ; high energy
distribution (compare with energy losses and scattering in
ultrathin foils: see Sec. VI D)2 Gas targets can also be used low energy
in space instruments that do not require continuous long-
term operation, such as the solar EUV optics-free ultralow energy
spectrometer$®~318For ENA imaging in space, the use of
gas targets is unlikely.
The instruments for detection of fusion plasma-emitted
ENAs with E<500 eV are usually based on mechanical I
choppers in various configuratiﬁ%”égéoalthough electron 100 1 10 100 1
impact ionization has also been used.The chopper ap-
proach is conceptually not unlike the slotted-disk velocity eV eV ev keV keV keV  MeV
selector developed for space neutfdfsConventional me- FIG. 13. Energy ranges of three major ENA instrument groups.

,_.__
—
o

3632 Rev. Sci. Instrum., Vol. 68, No. 10, October 1997 Neutral atom imaging



thin film (TF)
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hv
TP
/ EO
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FIG. 14. Schematic of a generic sensor illustrating techniques used in many START STOP
ENA instruments(UTF) ultrathin foil; (EM) electrostatic mirror(D, and X19Y1
D,) detectors capable of determining coordinatésY() of particle imping-
ing on the sensitive surface and accurately fixing the moment of particle FIG. 15. Schematic of high-energy ENA detection.
registration.
neous measurement of particle velocity and energy allows
VI. BASICS OF ENA DETECTION AND unambiguous mass identification. The ability of thin-foil
IDENTIFICATION time-of-flight (TOF) spectrometers to distinguish among in-

coming monoenergetic particles with different masses im-
proves with the increasing particle energy. For example
Presently all ENA instruments can be roughly dividedmasses 1, 2, and 4 can be separated at such low energies as 3
into three partially overlapping major group&ig. 13:  keV?2323while separation of masses 12 and 16 would re-
instruments for high-energy ENASE( 10 keV/nucleon),  quire energy~ 25 keV*’
for low-energy ENAs (100 e E<50keV), and for TOF spectrometers are exceptionally efficient in reject-
ultralow energy ENAs E<500 eV). Various aspects of ing detector noise counts. A valid ENA eve(detection
ENA instrumentation were reviewed in  the requires signals from several detectors within well-defined
pasth10:111,112,216,248,250,256.295.334 thjs section we will start narrow (100—200 nstime gates(coincidence requirement
with a brief description of common approaches in ENA in- Background photons and stray particles would produce de-
struments, and then consider in some detail major instrumenéctor noise count rates proportional to the instrument geo-
components and techniques. Then in Sec. VIl we will con-metrical factor and correspondingly proportional to the in-
sider representative instrument designs illustrating the stateoming ENA fluxes. The noise counts are random, and there
of the art and new directions in ENA instrumentation. is a certain probability that they produce a false “ENA
An ENA instrument consists of a deflector-collimator event” by triggering the detectors within the coincidence
followed by a sensor performing detection and identificationtime gates. The rate of double and triple random coinci-
of incoming neutral particles. The deflector prevents ambientlences is proportional to the square and cube of the incom-
charged particles from entering the sensor, but leaves thiag flux, respectively. The ENA signal is directly propor-
incoming EUV/UV background radiation unaffected. Thetional to the incoming ENA flux. This square or cube
upper energy limit of the instruments is determined by theproportionality of the random coincidence rates allows ex-
deflector ability to separate ENAs from energetic ions bytraction of a weak ENA signal from the superior detector
preventing the latter from entering the senémsually 100—  noise count raté!’ For example, a triple coincidence random
300 keV/g. Cosmic ray particlegpenetrating particlgsare  noise due to background EUV/UV radiation is expected to be
rejected by using sensor capabilities of measuring ENA enabout seven events per year in the ENA instrument on
ergy and/or velocity. Cassini?*
Let us first demonstrate some concepts of ENA detection  Particles with very high energies>(1 MeV), typical for
and identification on a simplified generic sensor found innuclear physics experiments, are detected with almost 100%
various forms in many ENA instruments. This sensor con-efficiency by TOF spectrometers. The energies of ENAs and
sists of an ultrathi20—200 A foil (UTF) at the entrance, electrons emitted from thin foils are much smaller, and the
electrostatic mirrofEM), and detector®; andD,, (Fig. 14). detection efficiencies can be anywhere between a fraction of
An ENA penetrates the foil and hits the detecids. The a percent and 100%. Electron yields from foils may also vary
electrons emitted from the foil by ENA passage are accelerfrom a hundredth to a few electrons per incident ENA. A
ated and transported to the detedior. By measuring coor- coincidence technique offers a unique opportunity to deter-
dinates of the electron impinging @y (X,,Y;) and particle  mine, in the absence of noise, instrument absolute detection
on D, (X,,Y,), one can determine the particle’s trajectory efficiency without independent knowledge of the incoming
between the foil and the detectbr,. calibration flux?'” This feature of the coincidence technique
The particle velocity is determined by measuring a timewas used for the first time in the 1920s by Geiger and
interval (time of flight) between electron detection By, and ~ Wernef?* who determined the efficiency<(100%) of hu-
particle detection byD,. If D, is a solid-state detector, then man observers in counting scintillations.
the particle total energy can also be established. Simulta- Schematics of high-energy, low-energy, and ultralow-

A. Principal scheme of ENA detection in space
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lﬂtra%ll'é g%ﬂA(UTF) A Conversion to negative ions
ENA stripping hv
hv ~
/X/\»\/} Y /. :
ENA ION O "ENA negatilvg
()
/ /\
to ion A to ion
l analyzer analyzer
START
XI’Yl
Secondary ion emission
hv
B 3
. . D]or /O
ultrathin fOﬂo(LITF) ect exposure @) EN A Second ary
20-200 A ion
D
hv .
R YaY ¢ R YaY = B to 1on
o~ detector
ENA / FIG. 17. Schematic of ultralow-energy ENA detection by ENA surface
/ conversion to negative ion#\) and by secondary ion emissi@¢B).
X,,Y,
l T l needed for START signal generation. The ultrathin foils
were introduced in TOF spectrometers initially for study of
START STOP particles withE>100 keV26-3%this energy limit was low-
X,,Y; ered later down to~10—20 ke’ and eventually down to

600 eVv3t’

FIG. 16. Schematic of low-energy ENA detection by conversion of ENAs to

ions (A) and by a direct-exposure time-of-flight technigi@s.
P ® 2. Low-energy ENA sensors

energy ENA sensors are shown in Figs. 15, 16, and 17, re- Particle absorption, straggling, and scattering prohibit
spectively. use of protective thin-film filters for detection of ENAs with

E<10 keV. Two ways to register low-energy ENAs by fil-
terless, open-type instruments have been develdpagl
16): (A) to convert ENAs to ions by stripping in an ultrathin
A high-energy ENA instrument can be protected againsfoil with subsequent deflectioiand separation from the
background radiation by a thin{(0.1 «m) film (TF) filter,  background photonsanalysis and detection of iofA$1%321
which significantly reduces the EUV/UV photon flux into the and (B) to expose the instrument directly to both the
instrument(Fig. 15. A protective thin-film filter at the in- EUV/UV radiation and ENA flux and to detect ENAs by the
strument entrance would modify energy and angular distriTOF technique?®?2’
butions of incoming ENAs. Thin-film filters and solid-state Both techniques have advantages and disadvantages.
detectors determine an effective energy threshold The efficiency with which the ENA-stripping techniqligig.
(>10 keV/nucleon) for such instrumerf®. Electron emis- 16(A)] “uses” incident ENAs is relatively low: only a frac-
sion from the film, or from an additional ultrathin foil, can be tion of ENAs is ionized during the passage of the foil, and an
used to provide a START signal for a TOF analyzer and tcelectrostatic energy analyzer usually measures ions in a scan-
determine the positionX;,Y;) of the point of ENA entry. ning mode. The efficiency of stripping helium and oxygen
The detectoD provides a STOP signal and particle position ENAs is approximately a factor of 5—10 lower than the prob-
(X,,Y,). A solid-state detectob would also measure the ability of stripping hydrogen of the same enef3§An im-
total energy of the particle. Thus one can determine the paportant advantage of the stripping technique is convenient
ticle's trajectory, velocity, and energ@nd masp particle separation from photons, which efficiently sup-
Conceptually similar TOF spectrometers are often usegresses the background EUV/UV radiatfbft?32!
for particle identification in nuclear physié& ENA energies An alternative direct-exposure approdéhg. 16B)] al-
are insufficient for thin solid-statAE detectors, as used in lows highly efficient simultaneous parallel detection and ve-
particle AE—E telescopes®®° therefore ultrathin foils are locity analysis of ENAs across the wide energy range by the

1. High-energy ENA sensors
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TOF technique. An incoming photon may trigger either thevantage of zero power consumption. However a permanent

start or stop detector, when an ENA may trigger b@bin-  magnet deflector usually requires a yoke and magnetic

cidence. The coincidence requirement allows separation ofshield, which may be unacceptably heavy.

weak ENA signals from superior background counts. The  An alternative arrangement is to use an electrostatic de-

technique does not require ENA stripping and hence it doeflector, which is sometimes simpler and has an option of

not discriminate against helium and oxygen. The major disbeing turned on and off when desired, thus allowing the use

advantage is direct exposure of ultrathin foils and detectorsf the same sensor for ion investigatitnThe simplest de-

to the background EUV/UV radiation. The restrictions onflector arrangement is a pair of parallel plates with the

detector maximum count rates thus limit possible sensor gedength, L, separationd, and voltage between ther¥, Ig-

metrical throughput. New diffraction filtefSec. VI B trans-  noring the fringe fields, a simple trajectory under constant

parent to ENAs and suppressing EUV/UV radiation open thdorce allows one to approximate the maximum energy of

way for efficient use of the direct-exposure instruments.  ions Eyax Of chargeq with initial velocity parallel to the
The efficiency of ENA stripping and electron yield from plate such a collimator can reject

the foils decreases with the decreasing ENA energy which

determines the lower energy limit of the described ap- Envax = (aV/4)(L/d)?.

proachgs(Fig. 16. The upper energy limit is determined by The requirements of miniaturization and low power con-
the desired energy resolution qf TOF spectrometers. The e'%’umption limit realistically available deflection voltages to
ergy range of low-energy ENA instruments can be between 30-30 KV in space instrumerftd* For a given voltage

hundred eV and 50-80 kelFig. 13. source, maximizing thd./d ratio maximizesEyax, but
would simultaneously reduce the FOV of the instrument in
the direction perpendicular to the deflection plates. Such a

3. Ultralow-energy ENA sensors dependence favors a one-dimensional imaging instrument

Ultralow-energy 500eV) ENA detection is an with a slitlike field of view. The collimator of a one-
emerging technique. The ENA energy is insufficient for gdimensional instrument would thus have much smaller sepa-

particle to penetrate an ultrathin foil, to strip an ENA, or to "ation, d, between deflector plates and consequently would

produce electron emission with the required efficiency. Tra@llow one to achieve the desired valueEfax with much
ditional electron impact ionization was used for measureSmaller voltageV. A stack of several plate pairs can in-
ments of cometary neutrals from a fast moving Cr€ase the effective geometrical factor, and correspondingly
spacecraft1®3293%0ht such a technique is inefficient and the instrument's sensitivityt-241111122498Therefore a one-

can be employed only for relatively high neutral numberdimensional ENA imaging system is highly attractive; the
densitie<330.331 imaging in the second dimension can be achieved by taking

Two distinct new approaches to ultralow ENA detection@dvantage of spacecraft spinnitgge Sec. IV A

were proposedFig. 17). The first approachiFig. 17A)] is Th.e collimator (1:£aln be a source of noise cpur]ts and other
based on surface conversion of impinging ENAs to negativé!ndesired effect%_l-‘ Forward scattering of incident par-
ions with subsequent ion energy and mass analjSsiface ticles by the coll!mgtor pIate's woqld alter the angular gnd
conversion technique have no energy threshold for some if2N€rgy characteristics of the incoming ENA flux. A serration
coming neutrals and surfaces, while the realistic upper erf the plate surface reduces this effétt’ _
ergy limit is several hundred eVFig. 13. An alternative When a secondary electron, whether produced by an im-
technique is based on secondary ion emission from a spd@act of an ion or a photon, is released from a negatively
cially prepared surface which allows efficient suppression ofi@sed collimator plate, it is accelerated toward the opposite
EUV/UV radiation[Fig. 17B)]. The latter technique is not Plate. The electron impact may produce x-ray or EUV pho-

capable of ENA mass analysis, has energy threshold 30—58N(S). The photons, in turn, with some probability would
eV, and was successfully demonstrated in the GAS experﬁt”ke the negatively biased opposite plate with production of

ment on Ulysses for detection of interstellar helium atom™More photoelectrons, resulting in a photon-electron cascade.
flux 175.176 Such cascades would increase the flux of energetic photons

into the sensor and may overload the deflection plate high-
voltage power supply. The treatment of the plate surfaces
with graphite reduces photoelectron vyield for bright back-
ground 1216 A radiation; the lowering of the deflection volt-
A charged particle deflector at the ENA instrument en-age would reduce the x-ray yield.
trance prevents ambient ions and electrons from entering the The deflector/collimator design presents a special chal-
sensor and defines the instrument's FEV11112248256rhe  |enge for the instruments pointed close to the sun, e.g., for
upper energy limit of the instrument is the maximum energyneutral solar wind measuremen&—7° off the sun Solar
Euax Of the deflected ions, which can be anywhere from 50radiation is scattered and diffracted at the collimdtuaffle)
to 500 keVE depending on the specific mission require-edges, and careful design is required to minimize the prob-
ments. Both electrostafit?'??1® and magneti1?>182212  apjlity of stray photons reaching the sensor. Photon scatter-
fields as well as their combinatibt?'? can be used in the ing characteristics of the instrument internal surfaces are thus
deflectors. Permanent magnétsy., SmC which are espe- important, in particular reflectance of bright 1216 A radiation
cially efficient in removing ambient electrons, have an ad-from various materiald®>33? Stray light was successfully

B. Charged particle deflectors and collimators
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suppressed in many space optical instruméfitExperimen-  The proton dead zone is 8 keV and energy resolution
tal verification of collimator performance presents a non-<2 keV at room temperature. Thus one can build simple
trivial problem, when suppression of 7—10 orders of magniENA instruments consisting of multianode solid-state sen-
tude has to be demonstrated for a bright light source close tsors with collimators defining separate FOV for each anode.
the instrument axis. Low-energy E<10 keV) ENAs cannot be directly de-

A strong emphasis on compact instruments for futuretected by solid-state detectors. Low energy patrticles can be
space missions led to the development of new efficient colregistered by detectors on the basis of secondary electron
limators with a large geometrical throughptdt.A wide cir-  emission, the so called secondary electron multipliers. Sec-
cular FOV combined with a small distance between the deendary electron multipliers register any particle, including a
flecting plates can be achieved by maintaining a slitlikephoton, that can produce a secondary electron impinging on
geometry of the collimator while bending it to form a full the sensitive surfac¥® EUV/UV photons are readily
circle thus resulting in an annular collimator. Such a colli-counted by secondary electron multipliers, and the detection
mator provides an unusually high geometrical throughput folefficiency of a typical nonsensitized detector is a few percent
its size, and is suitable for study of ENA fluxes with low at the hydrogen Ly line;3*! it may exceed 10% foi
angular resolution, for example the heliospheric low-energy<1000 A 3*? and it decreases again in the x-ray spectral

ENAs?33 range. Secondary electron multipliers would be swamped by
counts due to background EUV/UV radiation if exposed un-
C. Detectors protected in space.

Various detectors are used in ENA instruments for de- ~ CEMs and microchannel platésICPs are most widely
tection of incoming ENAs and secondary ions and electron&'Sed in space instruments. These detectors.were patenteq in
produced by ENA interaction with foils and surfaces. Solid-the early 1940s and practically usable devices were fabri-
state semiconductor detectors can be used directly for detegated 20 years later. A CEM is a tube made of a slightly
tion of ENAs with energies higher than 10—20 keV. Solid- conducting glass. A high voltage applied between the tube
state detectors are capable of measuring the total energy gpds creates an axial electric field inside the tube that allows
incoming particles, and when combined with TOF velocity the propagation and multiplication of an incoming electron,
measurement, the particle mass can be identified. thus producing an avalanche of many millions of electrons at

An energetic particle penetrates the solid-state detectdfe channel exit. A CEM became a workhorse of particle
and looses energy in Coulomb collisions with free and boundletection since the early 1968873
electrons*®>3% The particle energy loss thus results in the A remarkable feature of the channel multipliers is that
creation of electron-hole pairs. For example, it takes on avelectron multiplication is determined mostly by the channel
erage 3.62 eV to create an electron-hole pair in silicon atength-to-diameter ratio rather than the absolute channel size.
room temperature. The charge carriers created by the enefhis dependence opened the way for miniaturization of
getic particle drift to the contacts of the opposite polarity. Bychannel multipliers, while preserving to a large extent their
measuring the total charge collected on a contact one camultiplication properties. An MCP is a two-dimensional ar-
determine the total energy lost by a particle in the detectorfay of several millions identical miniature channel electron
Solid-state semiconductor detectors have been used widefpultipliers, closely packed parallel to each otf&r>>'The
for energetic particle detection in nuclear physicsfirst MCPs were composed of channels 2Qdm in
experiment&®337 and in spacéh38402395ch detectors can diameter®® in modern plates channel diameters are 6-12
be applied without any modification for ENA detection pro- um. MCP sensitive areas vary from a few cm in diameter up
viding incoming charged particles are prevented from reachto 10X 10 cm and larger.
ing the detectors. The MCPs are usually used in stacks of two or more

Detectors are often required to provide signals for bothplates(with straight microchannelsn series to increase their
precise timing and pulse amplitud®r total energy or posi- gain without causing undesired ion feedback. Sometimes
tion) measurements. While a solid-state detector provides MCPs with curved channels are used but they are more ex-
“slow” signal for amplitude measurement, the electronspensive and more difficult to handi®® CEMs and MCP
knocked out from the detector’s surface can be used for prestacks generate electron avalanches consisting b 10
cise timing by triggering an additional “fast” detector. Elec- electrons in response to an arrival or emission of a single
tron detection also allows independent determination of thelectron at the entrance. The exit electron charge outbursts
position of particle impact, similar to determination of the are easily amplified and registered by conventional electronic
point of foil penetration(Fig. 14. The solid-state detectors circuitry.
are sometimes cooled to improve energy resolutfdrihe An individual CEM does not have any position determi-
energy loss in the detector surface layer that determines efiation capability except to establish that it received a par-
fective energy threshold is well known for H, He, and O ticle. Formation of an electron avalanche in the channel and
particles338-339 its propagation is a statistical proc€8&>**The time interval

The technology allows fabrication of solid-state multian- between a particle impact on the sensitive surface and ap-
ode detectors with radiation hardened complementary metapearance of the electron outburst at the channel’'s exit
oxide semiconductofCMOY) electronic circuits to amplify  slightly varies(time jitter). This results in another disadvan-
and sort out signals from different anodes, for example dage of the CEM, viz., the inability to determine the moment
256-pixel multianode sensor with independent readtfits. of particle detection with accuracy better than a few nano-
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seconds. MCP detectors allow one to reduce the time jitter tttegration with the TOF electronics of ENA instruments.

a fraction of a nanosecorid® which makes them detectors of Only modest position resolution is usually required in

choice in ENA instruments. MCPs can also provide positionENA instruments since

sensitivity (see below across large sensitive areas.

portant for high-snergy ENA identiication since i drectly ., ENVA inial rajectory. and _
(2) accuracy of an electron image transfer from the foil to

determines velocity resolution of the compact TOF sensors. :
. . : . . the detector does not typically exceed 1 nisee Sec.
A time resolution better than 1 ns is usually desired for high- VIE) ypically

energy ENA instruments. For low-energy ENAs, the require-
ments on timing accuracy are more relaxed since ENA stragFhe desired spatial resolution is thus limited to 30—40 pixels
gling in ultrathin foils results in variation of energy loss. The in one dimension; both one- and two-dimensional position-
resulting energy spread translates into variations of ENA vesensitive detectors are used.
locities, and correspondingly TOF. A typical timing accuracy
requirement in low-energy ENA instruments is 1-2 ns. D. Ultrathin foils

The electron avalanches leaving MCPs vary in ampli-
tude: the width of pulse height distributions is usually quan-1. Foil fabrication and characterization

titatively characterized by the so-called amplitude resolution.  Freestanding ultrathin foils play an exceptionally impor-
Simple threshold discriminators allow one to obtain timingiant role in ENA instrumentation: they serve for stripping
accuracy 1-3 ns. Timing accuracies 0.5 ns and better can Byssing ENAs, for producing secondary electrons, and for
achieved by more sophisticated  constant-fractionncident radiation attenuation. The foils must be freestanding
discriminators’™ Precise timing also requires impedance-yithout a solid substrate support to allow passage of ENAs
matched 500} anodes to prevent signal distortion and ring-ang  simultaneously mechanically robust. A  high-
ing. Such anodes provide an impedance-matched transitiafansparency90%—95% metal grid usually provides the re-
from an electron collector platéanode to a cable to an  quired foil support with slight reduction of the foil's effec-
amplifier. These anodes are usually of conic sR&PE**®  tive area. The adjectives “unbacked” and “self-supported”
with large size extension in the axial direction. A novel com-are sometimes used to describe the freestanding foils.
pact impedance-matched anode with significantly reduced Two different units are used for foil thicknesgg/cn?
axial size was recently suggested on the basis of the circle gfnd A. The foil lattice structure is poorly known, and the
Appolonius?*°%%7 material density may significantly differ from that of the bulk
The exact position of particle impinging on the MCP material®”’ Foil characterization by mass per unit area
sensitive surface can be determined by using a specially déwhich directly translates into the number of atoms per unit
signed electron collectdanode. The position-sensitive de- area is preferable for many applications since it allows de-
tectors(PSD) use various electron readout desigiis’®*~%%?  tarmination of energy loss and scattering of passing particles.
The most common readout schemes are based on charge tthe area density Lg/cn? of widely used carbon foils cor-
vision either between edges of the resistive afttf€*or  responds to a thickness of 35-45 A, -e5 atomic layers.
between isolated conducting anodes, in particular of the The development of thin foil technology was started in
wedge-and-strip typ&® Coordinate determination by a response to nuclear physics demands for thin targets, thin
charge-division technique is based on accurate measuremegindows, and thin strippers in linear particle accelerators. By
of charges collected at several anode outputs or anode elghe end of the 1940s and beginning of the 1950s, unbacked
ments. Charge pulse amplitude measurenfi&siow” ) does metal foils were produced with the 20-p@/cn?
not usually allow simultaneous use of the anode signals fothickness’’83"°The Chromium Corporation of America suc-
particle timing (“fast” ). A signal from the exit side of the ceeded in fabricating freestanding nickel foils with the thick-
last (in the stack MCP is commonly used for fast timing. ness down to 500 A%° Nonmetal(SiO) foils were also pro-
This fast positive pulse is related to the electron avalancheuced with the thicknesses down tou@/cn? in 195238!
escape from the MCP exit and is obtained independentlPielectric, nonconducting foils usually require extra care in
from the collector(chargé signals>¢°-368 applications to avoid charging that may lead to foil cracking.
Recently developed delay line MCP position-sensitive  Low atomic number materials reduce scattering and en-
detectors are based on the measurement of the time intervatgy losses of penetrating particles. Consequently, carbon
between appearance of signals at two ends of the anode linemerged as the material of choice for ultrathin foils: the car-
The delay lines were first used for coordinate determinatiorbon foils are characterized by high mechanical strength and
in gas proportional counter&® First delay-line designs for technological simplicity. Freestanding carbon foils with 4
MCP signal readout were based on wité%3"*Introduction  and 1ug/cn? thicknesses were fabricated in 1§&band in
of planar anode technology was a breakthrough that allowethe late 1960382 respectively. Ultrathin foils are hardly
fabrication of highly robust and reliable MCP delay line visible by the naked eye and become opaque only at thick-
detectors’?-3"®the qualities highly desirable for space ap-nesses greater than @@/cn?. Foils as thin as
plications. The delay line technique is conceptually similar to~20 A(0.5wg/cn?) were reported:>>6-384
TOF measurements common in many ENA instruments. Foil fabrication usually starts with deposition of the re-
Consequently the delay line position-sensitive detectors arquired material on a glass flér a microscope slidecov-
exceptionally attractive and advantageous for straightforwaréred by a soluble substrate. For example, evaporation of car-

(1) scattering in ultrathin foils introduces uncertainty into
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bon from an ardn vacuomay serve as a source of carbon. TF
After removal of the soluble layefe.g., by dissolution in

distilled watey the floating foil is picked up by a high- ENA

transparency metal grid which would serve as a supporting E— /KV
structure. Basics of thin foil fabrication technolody fabri- - > ¢
cation details of thicker (3mg/cn?) foils,® destructive >

technique for determination of carbon foil surface
densities’®® and deposition techniques for thin film prep-
aratiort®’ are described in the literature.
The transparency of supporting metal grids can be as e e@
high as 90%—-95%, and ultrathin carbon foils can be made 3 e O
cm in diameter and larger. Although large research groups

©
traditionally prepare foils in-house, thin carbon foils are
commercially available, e.g., from th&rizona Carbon Foil
Co, Tucson, Arizona. The carbon foils with the diamondlike
Eo

lattice structure were recently fabricated using plasma sput-
tering of pure graphite in high-vacuum dischafgéThese
foils are claimed to be significantly stronger, exhibit longer
lifetimes under ion bombardment, and are characterized by
lower energy loss of penetrating particles. The latter feature :
may allow reduction of the energy threshold for particle de- 2. Scattering (9) + o= o
tection, but the smaller energy loss would result in lower 3. Change of charge state (f ,f , f )
electron emission and reduced detection efficiency. 4. Electron emission
Mechanical robustness _tO Wlth.Stanq V|br:_;1t|ons andFlG. 18. ENA penetration through a thin fdiTF) results in particle energy
shocks of the rocket launch is a major foil requirement. Nigss, scattering, possible change of particle charge Giaetionsf*, -,
addition to carbon foils, thin Formvar foil&6% carbon, 7% 9, and electron emissiofbackward and forwaid
hydrogen, and 37% oxygen by weiglteem to have out-
standing mechanical strengif. Another problem of concern  ing technique is very sensitive to carbon and especially suit-
is possible pinholes, since a few pinholes may significantlyaple for the analysis of ultrathin foils. Rutherford back-
reduce the foil's ability to suppress incoming radiation. scattering spectroscopRBS) is useful in determination of
When the primary purpose of a thin foil is ENA stripping carbon and bulk heavy impurities in thicker 500 A) foils.
and/or production of electrons for timing, the instrumentvarious fast ion techniques can be used for characterization
characteristics are practically immune to pinholes and eveaf even thicker 1000 A) foils3%
to cracks in the foil structure; these defects would only  Secondary ion mass spectroscq8IMS) is especially
slightly reduce detection or conversion efficiencies. efficient for study of the surface layer composition. How-
A clever way to nondestructively test thin foils for pin- ever, the probing beam currents are unacceptably high in
hole presence is to illuminate the foil by a flux of low energy conventional SIMS instruments and would destroy a fragile
(200 eV) ions>*° Incident ions that pass through the undam-ultrathin foil. An unconventional TOF SIMS technique was
aged foil emerge mostly as neutrals at this energy. The newteveloped to nondestructively study ultrathin f6il8.The
trals are detected with a very low detection efficiency presence of H, O, F, Na, K, and other species was revealed at
(<1%) by an MCP-based position-sensitive detector inthe surface of a 30 A carbon foil.
stalled immediately behind the foil. However if a pinhole is Foil properties may be significantly modified during ap-
present, then an incident ion would pass through the holglications. For example, the observed foil thickening under
without changing its charge. The ion is accelerated betweeparticle bombardment may be attributed to deposition of car-
the foil and the detector and registered with high efficiency bon from cracking the residual hydrocarbdfiFoil crystal-
Thus the bright spots in the registered image would show théagraphic transformations may also occur because of local
pinholes in the foil. temperature increase due to energy deposition by passing
Carbon is a very effective adsorbent, and carbon foilsenergetic particle®* Such structural transformations may
may contain large amount of impurities. Characterization ofresult in ultimate foil breakage and effectively reduce the foll
the foils which are only 10—-20 atomic layers thick is a non-lifetime. ENA fluxes in space are usually very weak, and the
trivial problem. One desires to establish both the amount oéffect of foil crystallographic transformation is probably in-
carbon in the foil and impurities in the foil and on its surface.significant in ENA instruments.
Bulk material impurities would affect ENA energy loss, scat- The degree of uniformity of the foil thickness is largely
tering, and secondary electron production and transport indnknown. An average number of atomic layers may not ex-
side the foil. Surface impurities would mostly affect electronceed a dozen in an ultrathin foil. If the foil material deposi-
escape probability and electron yield as well as charge statéon during fabrication is a random process, then large varia-
of exiting particles. tions in the foil thickness can be expect®dFor example,
Ultrathin foils were analyzed by various techniquesfor a foil with a thickness of 16 atomic layers, one could
common in surface studié2’ The enhanced proton scatter- expect a*+25% thickness variation for such a model. An

A

1. Energy loss
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B) Ep, keV ticle beam would be characterized by a certain energy and

angular distributions after leaving the f@Hig. 18. Both the
FIG. 19. Energy-loss statistics of'Hand He' transiting a 1.Jug/cn? car-  relative mean energy logss.e., energy loss divided by the
bon foil: () energy losSE,—Ec, whereEc is the most probable energy of  jncident particle energyand relative energy spread increase
transmitted pgrtlclesrelatlve to incident energ¥, and (b) energy spread with the decreasing incident particle ene(gyg. 19).216 The
(FWHM) relative toE. . (After Ref. 216) .

relative energy spread becomes comparable to the mean en-
experimentally established foil thickness is an average acrosesrgy of transmitted particles at energies000 eV. For ex-

P y . . g ample, for 1000 eV hydrogen atoms incident on 2g/cn?

the surface, and there are no reliable experimental data o

thickness distribution. The thickness uncertainty limits our

?abt'gzggccﬂméﬁEztﬁigl?tlrggn;e\r;tfgﬂsraaensms by accu- _ 149 eV, andAE/E~0.214% For incident hydrogen atoms
: with the energy 600 eVAE/E~0.52%"

Special caution should be exercised for use of ultrathin ) :
P Monte Carlo computer simulations were shown to accu-

carbqn foils n the mstrgments in low earth orbit. !—hghly rfately describe particle energy loss and scattering for a given
reactive atomic oxygen is the most abundant constituent gsr

. 07 .
the atmosphere between 200 and 500 km altitudes. The ¢ arget compositiof’” The widely used computer code, The

L AN : ‘ransport of lons in MattetTRIM)**>4%®allows one to per-
lision energy of impinging oxygen atoms with respect to a

7 . . form extensive simulations of particle penetration through
spacecraft is-5 eV (for orbital velocity 7-8 km/s and ma- | i1 i thin films and ultrathin foil&® A major problem in
terials exposed to oxygen atom flux are subject to pOter]t'a”)éuch simulations is the uncertainty of the real foil param-

severe chemical etching. Study of bulk graphite etching 'neters, in particular ultrathin foil thickness.

lO.W egrth orbit show tgat one C ato_m is_ etched for every Figure 20 demonstrates the energy dependence of the
eight incident O atom#® Such an etching yield would result average scattering angle in an ultrathin (g/cn?) carbon

in etching out one layer of carbon atoms in 2-3 min in a 40Q ;¢ "y “He “and O ENAL The particle scattering limits

km a(:“tUdi orbit. Thus an ultrat]t: n carbﬁjn foil d|re_c tly ex- the accuracy of ENA trajectory reconstruction by measuring
Fho;ea:‘(;vt/ Eorjrrg i(r)1X|)(/) %\(;‘r;;f]rgrbl;tx would not survive MO oordinates of two trajectory points in the sengeig. 14).

' Scattering significantly increases with the decreasing energy
and with the increasing particle mass for a given energy. The
reconstruction of the incoming particle trajectory with an

ENA penetration of a thin foil results in particle energy accuracy of 3° can be done for H atoms with the endggy
loss, scattering, possible change of its initial charge stater4 keV, for He atoms witle>14 keV, and for O atoms for
and emission of electrons from the foil surfa@ég. 18). E>40 keV. Scattering in the foil is determined mostly by
These processes depend on the ENA energy and mass amdiltiple small angle scatterings; only rarely is the particle
the composition and thickness of the target and are generallyeflected by a large angle in a close collision. Correspond-
well understood®’~40° ingly the angular distribution of particles after the foil can be

Energy loss and scatteringENA scattering and energy roughly described by a Gaussian function with a small large-
loss occur due to collisions and interactions with solid bodyangle tail due to rare collisiorf§°

arbon foil, the mean energy after the foilds=670 eV, the
energy spread, full width half-maximufFWHM) is AE

2. ENA interaction with foils
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after the foil?>>406409411Eqr oxygen ENAs, the negative
fraction is higher than the positive one for energies
<50 keV 2%5413418r example by a factor of 5 for 10-20
keV. Hence negatively charged ions can be efficiently used
for detection of oxygen ENAs in ultrathin foil instruments
[Fig. 16A)]. The negative ion fraction can be further in-
creased by modifying the foil exit surface by electronegative
materials such as cesium.

Secondary electron emissioBecondary electron emis-
sion under bombardment of atomic particles involves several
physical processes’~#?!At first energetic electrons are col-
lisionally produced inside the solid body by a fast moving
particle. The electrons are transported to the surface, where
finally they must overcome the surface potential barrier to
Ep, keV leave the body. The number of the produced energetic elec-
trons is roughly proportional to the particle energy loss per
unit length (eV/A), and the secondary electron yield corre-
spondingly increases with the increasing particle energy. The
depth of electron escape from solid body varies from 10 to

Charge stateMany low-energy ENA instrumentgFig. 15 A for metals up to~100 A for dielectrics. Electron emis-
16(A)] are based on ENA conversion to ions in foil passageSion from a thin foil determines detection efficiency of the
An incident ENA can be either stripped to a positive ion, ordirect-exposure ENA instrumen§ig. 16B)] which could
emerge as a negative ion, or stay neutral. The efficiency df€ about 15% for 3 keV hydrogen ENAs, and decreases rap-
ENA detection by the foil-stripping technique is directly pro- idly to 0.5% with the energy decreasing to 600 €Y.
portional to the ENA stripping efficiency. The charge of the ~ Electron emission occurs from both sides of the foil,
emerging particle is determined by the average charge of thi@rward and backwaré:*#?*~*2"There is an asymmetry in
ion moving inside the foil and the processes at particle exiglectron yield, which depends on ENA energy. If a signifi-
from the foil. cant part of the particle energy is lost during the foil penetra-

An incident particle looses its initial charge after passingtion, then more energetic electrons are produced near the foil
through the first 2—3 atomic layers in the foil, and the exitsurface exposed to the incoming beam and the backward
charge state thus does not depend on the initial chargélectron yield is higher. If only a small fraction of ENA
Therefore the experimental data on ion interaction with ul-energy is lost, then usually the forward emission is higher
trathin foils can be directly applied to ENAs. When a particlebecause of the apparent preferential direction of the electron
leaves the foil as a positive ion, the probability of electronmotion after their birth in the foil.
capture from the exit surface strongly depends on particle An unconventional secondary electron multiplier was
velocity. A higher exiting velocity translates into less time proposed on the basis of forward electron emission using
spent near the surface and correspondingly lower probabilitgeveral ultrathin foils in series with voltages between the
of neutralization. foils to accelerate the electrofé.Not only emitted electrons

The charge fraction measurements for H, He, and Could be multiplied in the foils but also an incoming ener-
ENA species were performed mostly for energies higher thagetic particle would deposit all its energy in several consecu-
several ke\#16:255409-41harge fractions of many other en- tive foils thus producing the maximum possible electron
ergetic particles were measured in support of the developemission.

Positive Ion Fraction

FIG. 21. The probability that H, He, and O exit a Jfy/cn? carbon foil as
positive ions. The solid lines are to guide the effdter Ref. 216)

ment of thin-foil heavy-ion TOF analyzef&#3-416The en- A conventional thin-foil TOF spectrometer allows one to
ergy dependence of the positive fraction is shown for H, Hefetermine only velocities of low-energy ENAs without mass
and O ENAs in Fig. 276 identification. Electron emission provides a means to distin-

The stripping technique is especially efficient f&r  guish among ENAs with the same velocity but different
>10 keV/nucleon, but can be used for ENAs with energiesmassegand energies™*24%253\ore energy would be lost by
as low as 100 eV. Experimental data on charge fractions foENAs with higher masgenergy and correspondingly the
E<1000 eV are scarce. The first measurements in the 200electron yield would be higher. Thus the differences in num-
3000 eV range established the following energy dependendgers of emitted electrons can be used for mass identification.
for hydrogen after the carbon foilf*(%)=3.0E,., and Such mass identification relies on statistical properties of
f~(%)=2.3E,y for positive and negative fractions, respec- electron emission, i.e., the distribution of probabilities of
tively, whereE,qy is in keV*% The hydrogen charge frac- emission of one, two, etc. electrons. Statistics of the electron
tions were recently measurB&*'%for energies down to 500 emission under heavy particle bombardment was extensively
eV; these measurements confirmed the e4ffieesults. The studied for solid bodie®’~** The measurements of the
foil stripping technique would provide ENA detection effi- emission statistics from the foils are limitét:42542643pe-
ciency up to 1% for energy-300 eV. viations from a Poissonian distribution are a common feature

For hydrogen ENAs, the positively charged ion fraction of the electron emission from both solid bodies and foils, in
is always higher than the negatively charged fractionparticular the higher probability of emitting zero electrons
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FIG. 23. Transmittance of the carbon foil at 1216 A as function of foil

o ) ) thicknessx is the foil thickness gg/cn?) in the approximation formulas.
FIG. 22. Forward photoemission yield of carbon foil at 584 and 1216 A. (After Ref. 438)

The low yield at 584 A limits further information beyond 7.@/cn?; x is
the foil thickness f g/cn?) in the approximation formulasAfter Ref.

437) Similarly to the ENA-induced electron emission, the forward

photoelectron emission is most important in ENA instru-

(i.e., no emissionis experimentally observed. ments.

The detailed study of the electron emission statistics ~Forward photoelectron yielda number of photoelec-
from ultrathin carbon foils showed that it would be possibletrons per incident photowas experimentally established for
to distinguish between hydrogen and oxygen ENAs, buthe 2—14uglent foil thickness range at 584 and 1216
separation of helium is more difficidt® The measurement A.**"*** The yields (Fig. 22 can be best describéfl as
of pulse heights from MCP detecting electrons is success2-6X10 °xexp(-0.3&) for 1216 A and 1.%107?
fully used for ENA mass identification in the INCA instru- < €xp (—0.77%) for 584 A, wherex is the foil thickness in
ment on Cassirfi* wglen?. For example, approximately 1@hotoelectrons/s

The foils could be sputtered by bombarding particles inwould be forward emitted from a foil of 2 sg/cn? thick-
ENA instruments. Sputtering yield depends on incoming parness, 1 crarea, and 1 sr field of view, pointed from 1 AU at
ticle mass and ener8f and is usually much less than unity the “darkest” possible directiofi500R in H I Ly-a).
for light atoms. ENA fluxes in space are weak, and for all  Carbon foil transmittandé’***at 1216 A is shown in

practical purposes one can disregard such foil degradationFig. 23 The transmittance thickness dependence can be
best describet® as 0.26< exp(—0.37%), wherex is the foil

thickness inug/cn?. The foil transmittance at 584 A can be

3. EUV interaction with foils
describet?® as 0.1x exp(—0.56x).

Thin-film filters (500—-1500 A efficiently block back-
ground EUV/UV photon flux in high-energy ENA instru-
ments(Fig. 15, while in low-energy ENA instruments, the
photon flux is only partially attenuated by ultrathin foisig. Electron transfer from the foil to the detect@¥ig. 14
16). The foils are directly exposed to the incoming radiation,has to preserve information on the position of electron emis-
and the photoelectrons that are indistinguishable from thsion and allow precise fixing of the moment of emission. The
electrons emitted by ENA passage may swamp the electroatter requirement means that the electron TOF between the
detectors. foil and the detector should be independent of the point of

External photoemission from solids is well understoodemission, and such systems are called isochronous. If elec-
and widely used in photon detectqEhotomultiplier. The  trons are accelerated to the same energy, then their flight
photoelectron yield from the exposed side of an ultrathin foildistances should be equal in an isochronous device. The sim-
would be somewhat smaller than from the bulk materialplest arrangement is to position an electron detector parallel
since some photons pass through the foil without absorptiorto the foil surface, however such a configuration will not let

E. Electrostatic mirrors
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the normal-incident incoming particle to go through. There-pression in the EUV/UV spectral range requires filters with
fore the electron detector parallel to the foil can be used ifan opening size of 1000 A or less. Initial development of
the incoming particles impinge on the foil at a large angle,submicron structures for ENA imaging and EUV astronomi-
say 45°37:328:440 cal applications was based on nuclear track filters
Non-normal ENA incidence is inconvenient, the foil is (NTF),177:22544444%n( it led to successful demonstration of
effectively thicker, and geometrical transparency of the supEUV filtering.***
porting grid is smaller. It is preferable to mount the foil NTFs are fabricated by etching nuclear tracks produced
normally to the incident particles and to position the electrorby penetration of thi1—20 um) films (mica, lavsan, mak-
detector off the sensor axis without exposing it directly to therofol, etc) by high-energy &1 MeV/nucleon) heavy
accompanying EUV/UV photons. Excellent timing and im- (>100 amu) iong*®~#*8 Almost perfectly cylindrical pores
aging properties were achieved by magnetic isochronougith diameters varying from 40 A to 1@m can be reliably
electron transport systerfi§#*3 Bulky and heavy field produced in films. Combining technological steps with dif-
shielding and high power consumption preclude their use iferent etching properties, channels with complex profiles
compact space instruments. could be obtained, e.g., funneled channels or channels with
An alternative isochronous electron transport device onhe cones at the entrance and exit connected by a straight
the basis of an electrostatic mirr@fig. 14 was introduced part. NTF applications vary from diffusion enrichment of
in nuclear physics spectrometers in 1980The first grid  uranium to separation of cancer cells in the blood to clarifi-
near the foil accelerates electrons to several keV. After traveation and cool stabilization of wine and beer by sieving out
eling in the field-free zone, the electrons turn 90° in thepacteria, sediment, and ye4&:44®
reflection field, and after crossing the field-free zone again |t was eventually concluded that NTFs are of limited
would reach the detectdd,. The electron flight distances practical use for ENA imaging because of their inherently
are independent of the place of emission. low geometrical transparenés>?29230449(Sybstrate sup-
The electrostatic mirror also transfers an ENA-fOfmedported NTFs are Successfu”y used in space solar and astro-
image from the foil to the detectd®, (Fig. 14). The energy  physical observation§®*%) The filter holes are distributed
distribution of the emitted electrons Usua"y peaks at1-2 GWandom|y across the film with a rapid increase in hole over-
and has a long “tail” of higher energy electrons. A realistic lapping with the increasing filter geometrical trans-
electron accelerating voltage is limited to several kV. Aparency**®***Hole overlapping affects both filter EUV/UV
simple analysis shows that uncertainty in transport of positransmission and mechanical robustness. Although NTFs
tion information is mostly due to the initial lateral electron ytn geometrical transparency up to 10% have been fabri-
velocity, which would limit electrostatic mirror performance cated, filters with high geometrical transparency become
to an approximate 3030 pixel image. Such an image would pighly fragile yet must withstand severe vibrations and
correspond to about 1 mm position resolution for a 30-mMm-pocks of the rocket launch. NTFs generally remain me-
diam detector. An electron has to traverse grids several timeganically strong for geometrical transparencies below 1%.
on its way from the foil to the detector; one-dimensional  ajternative technologies that can be used for diffraction
(harp high-transparency £0.95) grids are often used 10 fjjter fabrication include microchannel plates, anodycally
minimize electron losses. oxidized aluminum membranes, freestanding transmission
gratings, and ion and laser hole “drilling” in filter film&>
MCPs present a highly ordered structure with geometrical
Separation of ENA particles from intense EUV/UV transparency up to 9096? but the desired filter FOV would
background radiation is one of the most important requirefequire MCP thickness and channel diameters far beyond the
ments to ENA instruments. Diffraction filters were suggesteddresent-day technology. Laser and ion beam drilling of chan-
in the early 1980s to simultaneously provide efficient sup-nels has its own inherent limitatioR$’
pression of the incident EUV/UV radiation and high trans-  Porous structures can be found in anodic oxide films on
mission for incoming particle¥.”?? Diffraction filtering is ~ aluminum?*24%3When aluminum is anodized in a suitable
based on the photons ability to pass through a straightlectrolyte, a porous oxide layer develops on the surface. The
channel-porgslit) in a filter only if the channel diametéslit ~ film consists of the close-packed hexagonal array of cells,
width) is much larger than the photon wavelength. In con-each containing a cylindrical pore. The pore size and the
trast to photons, an ENA passes through the channel freely ffore density depends on anodizing voltéypically 10—200
it does not collide with the channel walls. Thus diffraction V), whereas thickness of the porous layer is controlled cou-
filters permit separation of incident ENAs from EUV/UV lombically. The pores are essentially parallel and pore sizes
photons and would serve as particle collimators. The requireare in the 100—2500 A range. The film thickness can be over
ments to filters include efficient suppression of EUV/UV ra- 100 um, and geometrical transparency up to 0.25 can be
diation, high geometrical transparency to ENAs, and me-obtained.
chanical robustness. Recently developed technology allows detachment of the
Diffraction filtering is used in the far infrared wave- porous films by a programmed anodizing voltage reduction
length regions. For example, the reflection of radiation bysequencé>~**%|t is possible not only to separate a porous
porous structures with pore diameters in the micron range iflm from the bulk of aluminum but the interface region of
utilized in “superinsulator” shields for thermal protection in this film containing irregularly shaped pores can be etched
high-vacuum low-temperature environment. Radiation supeut?>34°*4%¢ A highly ordered metal(platinum and goly

F. Diffraction filters
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FIG. 25. Spectral dependence of the grating transmisEjoof unpolarized

) ) . . __light. Experimental pointscircles show excellent agreement with computer
FIG. 24. Schematic representation of a freestanding transmission gratingimationsthin line) of the transmission in the zeroth diffraction order.

The supporting large-mesh grid is not shown. Theoretically calculated total transmissiétransmitted radiation in all dif-
fraction orderyis shown as a thick line. Grating structure period is 2000 A,
geometrical transparengy=d/p=0.31; grating thickness 4940 A.

nanohole array was recently fabricated by a two-step repli-

cation of an anodic aluminum porous membréieThis EUV transmission measurements of gratings are compli-
metal array presents a closely packed honeycombed structucated by strong dependence on the incident light polariza-
~700 A in diameter and 1—am thick. tion. One can introduce the grating transmissigs(\) for

Honeycomb structures on the basis of anodic membrandsansmission of the light polarized parallel to the grating
are not suitable yet for use as EUV/UV filters. However metal bars, and the grating transmissityfA) for transmis-
further development of this technology may lead to efficientsion of the light polarized perpendicular to the grating metal
diffraction filters for ENA instruments. Analysis of the cur- bars®?®#°The (Tp/Tg) ratio may be as high as100 at
rently available technologies points to the highly promisingsome wavelengths. The monochromatic light produced by
characteristics of freestanding transmission gratings thatny realistic testing facility is partially polarized. Though
should both attenuate and polarize radiafioh. synchrotron light sources provide highly polarized radiation,

A schematic view of a freestanding transmission gratinghe radiation at the monochromator exit would be partially
is shown in Fig. 24. The grating consists of a set of parallepolarized because of finite angles of acceptance into the
gold bars with the periodp, and the geometrical transpar- monochromator systeffi®
ency,g=d/p, approximately one half. The grating bars are Grating filtering properties can be obtained, using par-
supported by an extra large-mesh gfiibt shown in the tially polarized radiation, by independent measurement of
figure) and an overall grating geometrical transparency camrating transmission at two grating orientations that are mu-
be as high as 0.25. Standard available freestanding gratingsally perpendicular and normal to the incident photon
have a period of 2000 A and useful area of 51 mm. Grat- beam??*?**From such measurements one can determine the
ings can be mosaiced to increase the sensitive area. Trarsim of grating transmissiorgy(N) =Tp(A) +Tg(N). The
mission gratings are manufactured at the Massachusetts ItransmissionT, of the incident “unpolarized” light by a
stitute of Technology by a sequence of steps includingsingle grating isTo(\)=Tgsym(N)/2.
holographic lithography, ion and reactive-ion etching, and  An example of the measured grating transmissigrin
electroplating??6-2274%8-462rhe gratings are being produced the zeroth diffraction order is shown in Fig. 25 for the 520—
for NASA’s Advanced X-Ray Astrophysics FacilitpXAF) 1400 A wavelength rang@! The grating parameters were:
where 336 transmission gratings will be flown as a part ofperiodp=2000 A, gapd=620 A, geometrical transparency
the high energy transmission gratir¢dETG) spectrom- g=d/p=0.31, and thicknese=4940 A. The overallwith
eter?®34%4The present-day technology allows fabrication of supporting structudegrating geometric transparency, i.e.,
gratings with a 1000 A periotf* transmission to ENA fluxes, was 14%.

Although the AXAF requirements are confined to thin- Total grating transmissiofi.e., radiation intensity in all
film-supported gratings, a spin-off of the new technology istransmitted diffraction ordeydecreases almost three orders
freestanding transmission gratin¢fSig. 24). The freestand- of magnitude with the wavelength increasing from 520 to
ing gratings allowed laboratory demonstration of the de Bro-1300 A, from Ty~1.7x10 2 down to 2<10°° (Fig. 25.
glie diffraction of neutral atom&%>4€and they have been One can see that the usually bright 1216 A line would be
successfully launched for the first time on the Solar and Heattenuated by a factor of610* by a single grating. Even
liospheric ObservatorySOHO mission as a diffracting ele- more efficient EUV/UV radiation suppression can be
ment in the solar EUV spectrophotomet@f Transmission achieved by two crossed-tandem gratifgs>*>®i.e., by
gratings can be used in a standing-alone or crossed-tandemuo sequentially installed and perpendicularly oriented grat-
configurations for EUV/UV filtering?® and they would al- ings. The theoretical model and a computer code simulating
low one to achieve efficient radiation suppression and highyrating filtering properti€S® were experimentally verified in
(5%—25% geometrical transparency for ENAE-231 the EUV wavelength rang@?
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A transmission grating would serve as a collimator for 1. Secondary ion emission
incoming particles. In our example, the grating collimator

would have an anglg=2 arc'tand/h)=14.3: in the plane iy 1o the particle flux is to use secondary electron or sec-
XZ a”‘?' unlimited f'el_d qf View (gay_40 ) in the plan_e ondary ion emission from a sensitive surface bombarded by
YZ (Fig. 24. Transmission gratings can be used in e jncoming ENA flux. An example of a secondary ion
straightforward way in one-dimensional ENA imaging in- ¢ mission instrument is the interstellar neutral helium detector
struments with 5°-~10°FO\(1 pixel) in one direction and on Ulyssessee Sec. VII C 1175178 A similar approach was
8-20 pixels 4°-10° each in another perpendicular directionused in the PIPPI-MCP instrument on ASTRID to detect
The efficiency of grating performance can be i”“Stratedmagnetospheric ENAZ2 Measuring ENAs using second-
by an example of a direct exposure instrumgfig. 16B)] 51y "electrons is virtually impossible because of the superior

in the presence of nightglow and dayglow in the terrestrial, .y qround photoelectron emission. Secondary ion emission
environment. Let us consider an instrument without a trans|'nstruments allow particle detection without the capability of

mission grating filter with a 10 20° _FOV gnd sensitive energy or mass analysis, and consequently such instruments
area of 0.08 cH) the sensitive area is equivalent to a 5 have limited applications

X 11 mm grating sensitive area multiplied by a total grating
geometric transparency of 0.14. For a nightglow intensity
3600R, 2’3 the background photon flux into an instrument 2. Surface conversion to negative ions
would be~2x1° st in the 400-1400 A spectral range.

The incident background photons would trigger the detector%N

both directly and via photoelectrons emitted from the uItra—detail in the early 19905° The technique is based on the

:)hmt f|0|l. ;I'r;ebrevaljglgg (bl;?X 104| ddletegt?r coun;rate can syrface neutral-to-negative ion conversion, followed by mass
€ lolerated by 1 S, but it would lead o a random COInCI'analysis and detection of the negative i0h# is important
dence rate>50 s - unacceptably high for ENA measure-

te. Thus ENA s b tected di that negative ions are usually absent in space plasma. In
ments. us measurements Dy unprotecte IreCté\ddition, all charged particles with energiesl00 keV are

e€xposure inst_ruments are pr_acticr:_llly im|_ooss_ib|e in theprevented from entering ENA instruments by deflectors.

presence of mghtglqw and entirely impossible in the P"®Hence the detected negative ions are uniquely due to the

ence of the_ much brlght_er dayglow. . ... interaction of the incoming neutral atom flux with the con-

For an instrument with a single transmission grating f'l'version surface

tleorostz(t)r:elzeorcranc(:je and.t.|dent|cal gelometrlcihfag(nc?., ta Negative ion conversion techniques have been well de-

back q ant sten5| Ive|§r§ b TT) deB“O(ia et%or veloped for the production of high-intensity negative H and
ackground count rates would be about 1 an 8 € " Db ion beams that, after stripping, are used for fusion plasma

presence of nightglow and dayglow, respectively. For Suc%nergy pumpind”+472The conversion on surfaces into nega-

counting rates the random coincidences are negligible. Th e ions was first suggested for fusion plasma corpuscular

transmission grating filters would make it possible to use th%iagnostics in the late 1976&47*This detection application
direct-exposure ENA instruments, which are most sensitive: .o atfact was emphasizea 1§+ and a practical de-

to background radiation, even in the presence of dayglow. vice was finally built in the early 109642313 The surface

conversion technique is sometimes misidentified with sec-
ondary ion emissioriSection VI G J; these two techniques
Detection of ultralow-energyfrom few eV up to several are based on different physical processes.
hundred eV ENAs in space presents a special challenge. The Various surfaces can be used as converters of impinging
ENA energy is not sufficient to pass through an ultrathin foil, neutral atoms and molecules into negative ions. Atom con-
and foil stripping efficiency and electron emission yield fall version is generally described by electron tunneling to the
dramatically. ENA number densities arel cm 3. The low-  classically moving atom. The negative ion yield is a convo-
est density that can be detected by a state-of-the-art neutraition of the reflection coefficient and the charge transfer
gas mass spectrometer, such as on Cassini, is about ptobability1%#1478479The affinity level of the atom ap-
x 10* cm™3. In some exceptional cas&S,when an instru-  proaching the metal surface gradually shifts due to the attrac-
ment is deeply cooleéas it was on Apollo 17 during lunar tive interaction with its image charge in the mef At a
nighttime), the sensitivity can be improved to 46m 3. certain distance from the surface the shifted level crosses the
Therefore any conventional technique based on electron imevel of the work function of the metal so that electrons can
pact ionization of neutrals and subsequent analysis and dédnnel through and be captured by the atom. The initially
tection of the ions is not applicable for ENAs. sharp affinity level is broadened into a band of a finite width.
The idea behind an alternative approach with a muchrhe distance from the surface at which electrons can be cap-
better sensitivity is to use an instrument sensitive to the fluxtured is 6—&, (ag is a Bohr radiusfor a partially cesium
of neutral particles instead of an instrument sensitive to theovered tungsten substré&fe.
neutral particle number density. Even a sm@h-20 km/$ After reflection from the surface, on the outbound leg of
neutral particle velocity relative to the spacecraft would re-the particle trajectory when the affinity level becomes again
sult in a large flux of atoms into the instrument, and even &igher than the work function level the electron may tunnel
small detection efficiency of individual atoms would result in from the negative ion back to the empty metal states. Such a
high sensitivity to the neutral particle density. model corresponds to a zero temperature surface, and the

A straightforward approach to build an instrument sen-

An alternative approach to measure ultralow-energy
As in space, first suggested in 1983was formulated in

G. Interaction with surfaces
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The work function of the surface is very sensitive to the
degree of its coverage by cesium. For example, a clean sur-
face of ann-type (100) silicon substrate has a work function
4.75 eV, while the work function is 2.00 and 1.47 eV for the
same surface covered by a monolayer of cesium and by a
half of a monolayer of cesium, respectivéf§. Controlled
oxidation of cesium may lead to further lowering of the work
function down to 0.9 eV. For thick layers of cesium oxides,
where the substrate is not crucial, work functions of the order
of 1 eV have been reporté®*®” Sputtering and implanta-
tion processes are unimportant for a bombardment by low
energy neutral atoms, and complex multicomponent convert-
ers of cesium oxides—a mixture of CslCECs0,—can be
Energy [eV] used for ENA detection. Such promising surfaces can be
o ) . . several hundred angstroms thick, their work functions are
FIG. 26. Calculated negative-ion formation probability for H atoms leaving . . .
the surface along the normal vs energy. The solid line is for half a mono-mqependent of the substrate compositions, and the cesium
layer Cs coverage, the dashed line is for full monolayer Cs coverage, and tHexides have a vapor pressure much lower than pure
chain-dashed line is for a thick Ba coverage of thélV) surface.(After  cesium?®’ An exposure of oxygenated cesium surfaces to
Ref. 483) large fluxes of hydrogen may result in changes of about

+0.1 eV of work functiorf®®
conversion to a negative ion has an energy threshold equal to  The photoemission properties of the conversion surface
the difference between the work function and the unperwould depend strongly on its work function. Hence, the mea-
turbed affinity energy’® If the converter temperature is not surement of photoelectron emission could be used in flight
zero, then the electron distribution is smeared around th#struments to monitor conditions on the conversion
Fermi level*® This level smearing as well as broadening of Surface’®?**Cesiated surfaces, although providing high con-
the ion affinity level would allow electrons tunneling both Version efficiencies, are not easy to maintain. Cesium has
ways when the particle is within a certain range of distance§iso a high vapor pressure, which could lead to instrument
from the surface and would result in lowering of the effectivecontamination. Metal surfaces covered by layers of alkalis
energy threshold. other than cesium, such as Na, Rb and K can also be used for

Knowing the electron transition frequency, it is possibledetection of hydrogen ENAY! 484
to calculate the equilibrium probability for the atom to be ~ Barium recently emerged as an efficient conversion
negatively charged at a certain distance from the surfacgurfacel’*%348"4¥8Barjum is a much more stable and con-
Introducing further the motion of the atofdescribed classi- Vvenient material to use although initial activation—by
cally) and integrating the rate equation, one can determingeatind®’ up to 1200 K or by sputtering off several surface
the probability that the atom leaves the surface as a negativ&omic layers—is needed to eliminate the oxide layer and
ion. The charge transfer probability depends on both compaProvide a metal-type surface. The ambient space plasma can
nents of the atom velocity, parallel and perpendicular to thée used to sputter the conversion surface: plasma ions could
surface. For ENA velocities much smaller than the velocitiede sucked in, focused, and accelerated for such a purpose.
of surface electrons, the charge transfer probability is deterfhe low density of the solar wind plasma may require sev-
mined mostly by the velocity component normal to theeral days of sputtering to accumulate the necessary dose.
surface’®! The highest conversion efficiencies are characterAnother possible surfaces under the study arelthaBt also
istic of surfaces with a low work function and a high density requires heating to a temperature 1400 K for activéfibn
of electron states at the Fermi level. The most developed angnd diamond?®4%°
well studied conversion surfaces are metals covered by alkali  Different metals, such as W and M& as well as Mg,
layers, e.g., by cesium, which provide the highest values o€u, Au, and Pt also may serve as a conversion surface, al-
conversion efficiency. though the typical conversion efficiencies are usually very

As an example, the calculated normal-energy depentow: 10 %—10 6. Such low efficiencies are high enough
dence(supported by the experimental date#f negative hy- however to measure 5 eV oxygen atom fluxes at low earth
drogen ion formation is shown for three different surfaces inorbit. The selection of the type of the conversion surface and
Fig. 26283 For hydrogen ENAs with a normal velocity of 35 a way to activate and control it, as well as the stability of the
km/s (~6.4 eV) the fraction of negative ions among the par-surface and the necessity to refresh it during a long duration
ticles reflected from the tungsten surfacé M0 covered by  space flight require further detailed study.

a thick layer of cesium, is 5%—7%. A very thin cesium layer =~ The process of neutral surface conversion to negative
(half a monolayer may give a much higher negative ion ions has an energgnormal componeitthreshold equal to
fraction?®* However, there are difficulties in maintaining the difference between the surface work function and elec-
such a surface in a space instrument, and the use of a thi¢kon affinity of the particle. All atoms and molecules that
cesium layer may be preferable. An overall conversion coefhave a positive electron affinity can form negative ions and
ficient of several percent could be expected for such hydroean be studied by the conversion technique. Electron affini-
gen ENAg?83-485 ties of hydrogendeuterium and oxygen atoms that are of

Tonization probability

1 10 100 1000
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TABLE II. Work functions of conversion surfaces used in experiménts.  sijtive to the surface contamination by carbon and oxyagn_
The ENA conversion efficiency is a convolution of the

Surface Work flnctior(eV) reflection coefficient and the energy-dependent negative
Cs/Cs0/Cs0, 0.90-1.45 charge fraction yield. The energy dependence of negative
gz Eg-g mt 32 \é\_’(%%(;)) 1-22 fraction yield is determined by the physical mecharfi§fi®®
Cs(l'ML on Si100) 200 that requires hellur_n |_n|t|al excitation to a highly energenc_
Si(100 n-type 4.75 state. Such an excitation may occur only in rare close colli-
Ba/BaO 1.8-2.2 sions with target atom®? and the probability of such colli-

Ba 25 sions would precipitously decrease with the decreasing par-
xj"(loo) ‘;-‘; ticle energy. Weakly bound metastable He susceptible to
Ka 29 destruction through deexcitation in the vicinity of the sur-
Rb 21 face, and the probability of leaving the surface as a negative
LaBg 2.3-2.6 ion would also decrease with the decreasing ion energy.
Ni(110 5.04 These effects result in vanishing conversion efficiency for
St‘:(lllll)l) g-;’ incident He energies less than several hundred eV, which
Ag(111) 47 makes the technique inapplicable for ultralow-energy helium
diamond(111) 5.4 ENAs.
Li 2.9 The potential problem for the surface conversion tech-
Mo(111) 4.6 nique is a possibility of producing negative ions by sputter-
Tho, 3.0-4.0 ing previously adsorbed atoms and molecules. Energetic ions
aAfter Ref, 10, with energy>100-200 keM(flux 1 cm 2 s7 srtat 1 AU

from the Sum would pass the ion deflector at the entrance

great interest for the heliospheric, magnetospheric, ionof'—de would hit the conversion surface, sputtering negative

spheric, and atmospheric ENA studies are 0.74 and 1.46 e ' 83/5\?}0to§pttj_ttermg of Turfacetqtbc?r‘it’?sbty the b?_ckg_round
respectively. Work functions of various surfaces that hav radiation may aiso contribute to negative 1on pro-

been used for particle conversion are presented in Table lpucnon. MO.St of the surface contamination may come from
some of these surfaces are especially promising for spa e adsorption of atoms and molecules outgassing from the
applicationst instrument elements and the spacecraft itself. Therefore a

Only the conversion of hydrogen and deuterium atomsspecial effort must be devoted to maintaining a clean conver-

with E>100 eV has been studied extensively. Conversion of'on surface in the instrument.

a few other species was also measured®; 492493 C,, 49

0,,4%4%3nd |, 489 Although surface production of negative V!l REPRESENTATIVE ENA INSTRUMENTS

ions is qualitatively understood, quantitative agreement bea_ High-energy ENA instruments

tween theory and experiment has been achieved only by ad- ]

justing some parametéusually screening distanpeConse- 1 Solid-state detector instrument on CRRES

guently, one has to be cautious in making specific numerical A medium energy ion and neutral atom spectrometer

predictions of energy thresholds and conversion probabilitiesvas flown on the Combined Release and Radiation Effects

without experimental verification. Satellite(CRRES in 1991 in a low-earth orbit?® The instru-
Special consideration should be given to the possibilityment was capable of measuring ENA flux and energy with

of measuring helium ENA fluxes. Helium ENAs that carry the imaging capabilities provided by spacecraft pointing. The

important scientific information are expected in both mag-measurement technique was based on ion momentum per

netospheric and heliospheric environment. The surface corcharge separatiomia 7 kGmagnetic field followed by par-

version technique was originally proposed forsitu mea- ticle detection by solid-state detectdf&Eg. 27).2 A sensor,

surement of ultralow-energy hydrogen, deuterium, andocated directly in line with the collimator, measured mag-

oxygen ENA fluxes?4"°Later it was asserted that the tech- netospheric ENAs and had an ion rejection up to

nique would be efficient for detection of helium ENAs, ~50 MeV amu/d. The ENA detector was gb-type silicon

to0 257258 to improve light rejection and reduce radiation damage; a
Helium is known to have very weakly bouri@.076 e\ 20 ug/cn? aluminum surface deposit determined energy

metastable negative ion state H&P).*9*% He™ can be thresholds for particles.

formed from neutral He in an excité® state 19.8 eV above The signal from the ENA solid-state detector was pulse-

the ground state level, and helium conversion to negativéeight analyzed with an 8-bit resolution in 256 levels, pro-

ions was demonstrated only on Na surfat@4°°The maxi-  viding information on total particle energy. To reduce noise,

mum negative fraction peaked at 0.14%%%°° and not at silicon sensors, preamplifiers, and electronic box were

14% as was erroneously stat@d.This maximum vyield is cooled down to—55, —12, and 0 °C, respectively. A rather

achieved for helium ions leaving the surface with energies irsmall instrument geometrical factor (19-10"2 cn? sr) re-

the 8—12 keV range. The negative fraction yield rapidly fallssults in low count rates and very limited imaging capabili-

down to 0.02% with the energy decreasing to 2 keV. It wadies. For example, the integral ENA count rate above 40 keV

found that helium conversion efficiency dramatically de-at 600 km altitude is about 1§ during a large geomagnetic

pends on cleanness of the Na surface and is especially sestorm??®
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ION TRAJECTORIES

[~ 17 cm

ENERGETIC |
NEUTRALS N

BROOM

MAGNET
EXTERNAL
COLLIMATOR
7 KILOGAUSS
MAGNETIC FIELD SOLID-STATE
DETECTORS
(-55°C)

FIG. 27. Principle of operation of the medium energy ion and neutral atom spectrometer on CRRES which is based on ion momentum, mass defect, and
energy analysis usina 7 kGmagnet and an array of cooled solid-state sendéfter Ref. 21)

The strong magnetic fielchia 5 mmentrance gap was and dimensions of the yoke were optimized to reduce the
produced by SmCo permanent magnets. An iron yoke cominstrument mas$5.7 kg. The advantages of the instrument
pletely surrounded the magnetic field except the entranceclude simplicity, particle energy analysis, and low power
aperture, for reduction of the magnetic stray fields. Shapeonsumption; the disadvantages are related to small geo-

metrical throughput and lack of internal imaging capabilities.
NEUTRAL ATOM 1ON

2. High-energy neutral particle imager

I A powerful high-energy ENA imager with mass identi-
fication capabilities is shown in Fig. 28! A simplified con-
ceptually similar instrument has been launched as a part of
\ COLLIMATORICHARGED the HEP instrument on the GEOTAIL spacecf3fhe par-
PARTICLE DEFLECTION allel plates at the instrumét entrance collimate ENAs in
PLATES . . e . .
one dimension and eliminatdeflec) incoming charged par-
sTOP ticles. Plate serration reduces particle forward scattering into
the sensor. An incoming ENA passes through two thin foils
at the front(foil no. 1) and back(foil no. 2) of the sensor.
The secondary electrons emitted from the foils are acceler-
ated toward a central electrostatic mirror and directed toward
two MCP-based position-sensitive detectors, which are also
7 i ;l#/ START and STOP detectors for the TOF analyzer.
rE SECONDARY ( | The measured positions of the electro_n impinging on _the
! FOIL NO. 1 MCP detectors are used for reconstruction of the particle
:élﬁﬁkét".‘:fﬁ;s [ ol trajectory in the sensor, and correspondingly the incoming
ENA trajectory(flight direction. The uncertainty in the tra-
jectory resulted from

POSITION SENSITIVE} - L, STATIC
(1) ENA scattering in the foil No. 1 and

~

+ANODE NO. 1 w 7 MIRROR
e

POSITION

(]
SOl 4 i
,,',/’ . ] o (2 fche effect of |_n|t|a_l electron energy on electron transport
AP ! MICROCHANNEL in electrostatic mirrors.
A 1 PLATE

) A DI The electrostatic mirrors are isochronous for electrons emit-
/ FOIL NO. 2 ted from both foil No. 1 and foil No. 2, and the measurement
of the time interval between electron detections establishes

SPACECRAFT SOLID-STATE DETECTOR MATRIX particle velocity in the sensor. After passage of an incoming
ROTATION ENA through both foils, its total energy is measured by a

solid-state detector.

FIG. 28. Schematic of the high-energy ENA imager, which consists of a ; ; ; ;
collimator/deflector, an imaging TOF detector for measuring the arrival di- The Imager determines ENA trajectory, ENA VelOCIty’

rection and velocity of the incoming neutrals, and a solid state detector fofalnld ene.rgy(and correspondingly massENA detection re-
measuring their energyAfter Ref. 111) quires signals from all three detectors, two MCP detectors
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CHARGED Cassini missior{launch October 1997%o Saturn(Fig. 29.2*

CHARGED PARTICLE PARTICLE  gNa The INCA'’s entrance includes a serrated plate fan charged
(s:\gfal;mok particle deflector with a FOV of 902120°. The deflector

plates are constructed of epoxy graphite composite and
coated with a conductive coatiffThe plates are serrated to
minimize ENA forward scattering, and electric potentials up
to =6 kV are applied to the alternate plates. The deflector
prevents charged particles with energies up to 500 keV/
from entering the instrument.

A specially designed three-layer f6#°°! at the en-
trance slit is 9.5ug/lcn? Si, 6.0ug/cn? Lexan, and
IMAGING 3.0uglcn? C. The foil composition is optimized to maxi-
START MCP mize UV suppression while providing high electron yiéf.
The foil attenuates 1216 A radiation by four orders of mag-
nitude, and it would scatter incoming 50 keV protons by 5°

COINCIDENCE
MCP's s

2-D

IMAGING (FWHM) and 200 keV O by 7°.
STOP MCP Secondary electrons emitted from the entrance foil are
and ANODE

steered toward the imaging one-dimensional MCP detector,
FIG. 29. Schematic of the ion neutral caméfdCA) head, side view. ENA  which determines the ENA entrance coordinate normal to the
penetrates the front fo{located in horizontal piece across narrow entrance plane of Fig. 29 and produces a START signal for the TOF
gap, producing secondary electrons, and travels to the back foil in front of | A two-di . i . MCP detector fi

the two-dimensional imaging MCP position-sensitive detector. Dots indicateana_yzer' o o-dimensional imaging etec Or. Ixes

the location of wire electrodes for secondary electron steefifiger Ref. particle position at the back of the sensor and provides a
24) STOP signal for the TOF analyzer. Electrons backward emit-
ted from a thin foil at the entrance of the stop MCP detector

and a solid-state detector, within a well defined time mtervalare directed toward a coincidence MCP detector.

<200 ns). The tripl incidence requirement res vir- . . .
(<200 ns) € triple coincidence requirement assures The measured particle coordinates allow reconstruction

tually noise-free ENA detection. If an ion W'.th high energy, of a two-dimensional ENA trajectory within the instrument

say>1MeV, passes through the deflector, its energy and/o °X120° FOV; the time interval between signals from the

velocity are measured by the instrument, and such an eve y . g oo
ART and STOP detectors determine particle velocity in-

would be rejected as a non-ENA detection. . . o . .
Background EUV/UV photons would produce photo- side the sensor. The triple coincidence ENA detection effi-

electrons from the thin foils triggering MCP detectors. Foil C€Ntly suppresses noise. A triple coincidence random noise
No. 1 must be thick enougfe.g.,>600 A) to attenuate the rate due to background EUV/UV radiation is expected to be

EUV/UV to an acceptable level, so that MCP detectors aréPout seven events per yédr. _ N
not swamped by noise countfi.e., keep count rates The secondary electrons forward emitted from the foil in

<1000 s1). The thin foil and the energy threshold of the front of the STOP detector are accelerated into the stop MCP
solid-state detector establish instrument energy threshold &etector. The ENAs with identical velocities but different

>(10-20) keV/nucleon. masses would have different energigsoportional to par-
ticle mas$. Different energy losses in the foil result in a
3. ENA imaging camera INCA on Cassini different number of the forward emitted electrons. INCA can

The ion neutral camerdNCA), probably the most ad- reliably distinguish between hydrogen and oxygen ENAs by
vanced ever-built ENA instrument, was developed for therecording the pulse height of the MCP sigAél.

LENA Foil-Based Imager
Detector Section

Conversion
Foil

SE Detector

FIG. 30. Schematic of the advanced low-energy ENA imager for a spinning spacécEMA) low-energy ENA,(ESA) electrostatic analyzer, an&E)
secondary electror{After Ref. 216)
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FIG. 31. Schematic of the direct-exposure low-energy ENA instrument for neutral solar wind s(Btiiepermanent magne=M) electrostatic mirror{TF)
ultrathin foil; (NTF) optional diffraction(nuclear trackfilter; and ©,,D,,D3) MCP detectors(After Ref. 182)

B. Low-energy ENA instruments may be either absorbed by the féilith possible photoelec-
tron emission and triggering of an electron detecidy, or
D,) or pass through the foil and trigger the “particle” de-

The first flown ENA instrument®?'?was based on ENA  tector,D5. An ENA arrival may result in triggering both the
stripping in an ultrathin foil and subsequent analysis ancelectron detectofor two electron detectoysand the particle
detection of positive ions by a simple electrostatic analyzegetector. Thus one can extract a weak signal due to ENAs
(Fig. 8). The technique of ion energy and mass analysis sigfrom the superior photon background by counting double or
nificantly improved since then, and much more sophisticatedriple coincidences. By measuring time intervals between the
efficient and compact analyzers were developed. detections of electrons and corresponding particles one de-

An advanced foil stripping ENA imag@f for a spinning  termines ENA velocity distribution. The FOV and sensitive
spacecraft is shown in Fig. 30. Low-energy ENAs transit aarea of the sensor are restricted by the requirement to limit
collimator that sets polar and azimuthal fields of view andMCP count rates by<10* s 2.
passes through a 1ldg/cn? carbon foil. The ionized ENA detection efficiency(the probability to produce a
(stripped ENAs enter a hemispheric electrostatic analyzerTOF event is determined by the efficiency of electron emis-
Most of the stripped ENAs are singly charged, and if an ionsion from the foil and particle detection Y3, and it de-
energy is within the electrostatic analyzer passband, it wouldreases with the decreasing energy from 15% Eat
reach the ion detector. =3000 eV down to~0.5% atE=600 eV. Energyvelocity)

The ion detector itself is a combination of another ultra-resolution of the instrument is determined by straggling and
thin foil and two MCP position-sensitive detectors. An ion scattering in the ultrathin foil; it is aboUE/AE~2 at E
transiting this second foil produces secondary electron emis=1000 eV, and it improves with the increasing ENA
sion. Measurement of the coordinates of both electron andnergy'®2?'7The diffraction filter(NTF in Fig. 31 technol-
particle impact positions allows reconstruction of the trajec-ogy was not developed at the time of building the neutral
tory of the incident ENA. The time interval between electronsolar wind instrument. Recently introduced transmission
and particle detections establishes the velocity of the ion angrating filters(Sec. VI B make it possible to build a concep-
efficiently suppresses noise counts as well. Since the ion enwally similar highly efficient compact ENA analyzers with
ergy was selected by electrostatic analyzer, the ENA's masgternal imaging capabilities. Such instruments would be es-
can be determinedIntroduction of the diffraction filters al- pecially attractive for applications when miniaturization is
lows one to use the first foil for generation of the START required.
signal1®229231Thys it would become possible to combine

energy and TOF analyses in a simpler configuration with on% Ultral ENA inst X
thin foil only.5°2) . ralow-energy Instruments

. The ENA imager desingi_g. 30 allows one to ,bu”d 1. Secondary ion emission instrument GAS on
instruments with such exceptionally large geometrical fac-

! ) i Ulysses
tors as 1 (crasr keW/keV, especially suitable for detection ) i i i
of weak ENA fluxe€® The instrument’s instantaneous FOvV "€ Ulysses GAS experiment is designed to directly
could be 120%2° with 120°x360° coverage during one measure the flux of interstellar helium in the solar
spacecraft spin; the nominal angular resolution isx2® system.>***4174"1%%The instrument(Fig. 32 is based on

FWHM and the energy range 0.8—30 keV for hydrogensecondary emissions from a lithium fluorideiF) surface
ENAS. bombarded by the ultralow-energ@0—100 eV interstellar

helium atoms. The incoming ENAs are converted into sec-
ondary electrons and ions, and depending on the polarity of
the accelerating voltage either electrons or positive ions can
A direct-exposure ENA instrument was developed tobe accelerated and detected by CEMs. The instrument con-
study the solar wind neutral componéft?!’It consists of a  sists of two independent detection channels with different
collimator/baffle, permanent magnet deflector, optional dif-FOV, light baffle, electrostatic deflector, LiF furnace for in-
fraction filter, and an ultrathin foil TOF analyz€Fig. 31).  flight refreshing of the sensitive surfaces, and a quartz crystal
When a background EUV/UV photon enters the analyzer, ito monitor LiF depositiort’® An integrated turntable in con-

1. ENA foil stripping analyzer

2. ENA direct-exposure analyzer
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FIG. 32. Cross sections of the sensor hesathematit of instrument GAS on Ulyssegl) conversion plate with heater, evaporated with lithium-fluofid€),
(2) quartz crystal for monitoring LiF evaporation proce®, furnace LiF supply(4) CEM, (5) CEM electronics(6) tungsten filaments to stimulate CEMs,
(7) vacuum-tight cover in closettlashed linesand open position(8) electrostatic deflection systert8,10,11,12 circular apertures defining the FOV of
channel | and 11(13) light baffle. (After Ref. 176)

junction with the spin of the spacecraft permits scanning of The maximum Lyea suppression requires the highest
the celestial sphere with resolution of a few degrees. possible transparency of the sensitive surface material.
A clever choice of the sensitive surface material wasFreshly deposited LiF layers are highly transparent toal, y-
crucial to the success of this experiment. In order to maxibut after some time photoelectron emission increases. Even a
mize secondary ion emission, the choice of the surface mamall absorption of radiatiofthat is photon interaction with
terial is determined by the requirement to contain relativelymaterial electronswould increase photoelectron emission.
light atomic species to facilitate momentum transfer in col-Surface layer modification would also increase photon scat-
lisions with impinging helium atoms. To minimize photon tering and adversely affect secondary ion emission. There-
scattering and electron emission due to EUV/UV backgroundore the instrument sensitive surface is refreshed periodically
(mostly Hi Ly-a 1216 A), the material should be transparent in flight by depositing several new layers of LiF. A tiny
to radiation. Lithium fluoride is the material of choice that furnace, filled with 2 mrof LiF, is heated by telecommand
provides high yield up to several percent of lions. Photo-  up to about 600 °C, where mild evaporation of LiF refreshes
sputtering of LiF by EUV/UV radiation is not a problem in the sensitive surface. Special custom-made miniature CEMs
this application, although one has to be cautious since exwith low intrinsic noise are used as detectors. The small
perimental data on photosputtering of earth alkalis araletector size minimizes the noise count rate due to penetrat-

scarce??%:503 ing cosmic radiation and toy rays from the radioisotope
A A
g:;};?é charged particle g::-jt:::?é charged particle
entrance devﬂectlon system ontrance de*ﬂectlon system
N — N My
I- I- : \\\\\
— T 1 AN
: [N STOP
conversion ion detector conversion (ISR N
surface CEM) surface Soseoerereseses)]
quadrupole - START
i o
or magnetic
A analyzer B TIME-OF-FLIGHT (TOF)
ANALYZER

FIG. 33. Schematic of ultralow-energy surface conversion ENA instruméhjsAccelerated negative ions are mass analyzed by the mass an@yger
magnetic or quadrupoleand detected by a simple CEM detectd) Accelerated negative ions are detected and mass analyzed by a TOF analyzer.
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thermal generatofRTG) that provides power to the space- many missions and will provide the most detailed informa-
craft. tion on characteristics of high-energy ENAs in space.
Most of the interstellar helium measurements are per-
formed in the secondary ion counting mode. In this mode thé. Low-energy ENA instrumentation
EUV/UV background is nearly completely suppressed since . : .
The foil- h f -
photoelectrons released from the surface cannot reach th‘? e foil-stripping technique is mature and ready for ap

CEM entrance because of its bias voltage; photons Canm?rtr: Zatelz?nZsoirrll ?i vaggtngzlgnlsil)(\)/?dse. :l;?ergitr:?gftmgl?r?]-
reach it either because the CEM is placed in “shadow.” ger, g. 2%, P 9

aging of the terrestrial magnetosphere. A combination of
' _ newly developed transmission grating diffraction filters with
2. Conversion surface instruments the direct-exposure technique would allow building a new

Detection of ultralow energy ENAs by surface conver-generation of highly efficient ENA imagers with the wide
sion to negative ions is an emerging field of space instrumen(0.5—70 keV energy range. Diffraction filters will allow one
tation driven by potential science return. A possible schefo improve EUV/UV noise suppression in various other ENA
matic of ultralow-energy ENA instruments is shown in Fig. Instruments.

33. The instrument design can be optimized depending on
the species to be measured and experimental requirements df Ultralow-energy ENA instrumentation

only a few species are to be detected and the neutral particle pggsiple applications of the secondary ion emission tech-
flux is relatively high, for example O atoms at low earth higue are limited, since it is not capable of mass and energy
orbit, then negative ions formed at the conversion surfac%nawsis, and thus can be used efficiently only when compo-
can be accelerated up to a certain voltage, pass throughsiion and energy of incoming particles are known and the
mass analyzefe.g., quadrupole or magneliand be detected o) is to establish ENA angular distributidie., to obtain

by an ion detectofFig. 33A)]. Such an application does not ¢ imagé. The technique can be further improved by sec-

require highly efficient conversion, and simple and stableyngary electron-secondary ion coincidence detection that

surfacese.g., gold can be used. _ . would introduce new imaging and noise-suppression
For low-intensity magnetospheric and heliospheric ENAcapapilities?®2
fluxes, the negative ions are accelerated and sepafated An exceptionally promising surface conversion-to-

shown from electrons and photons, mass analyzed and dgsegative ions technique when fully developed will provide a
tected in a noise-free mode by a TOF analyi#8g. 33B)]. 100l for in situ study of interstellar gas, heliospheric, mag-
Various designs of ion analyzers can be effectively empbye%etospheric, and ionospheric ENAs, tenuous exospheres of
for negative ion collection, separation from electrons andplanets comets, and asteroids, as well as monitoring of

H 1,257,258,504 . .
photons, and ion mass analysfs. atomic and molecular oxygen at the low earth otbithe
technique requires extensive laboratory development, accu-
VIIl. DISCUSSION mulation of an experimental database, and feasibility demon-

stration. it is necessary not only to convert ENAs to negative

Eons, but to confidently relate negative ion properties to those

: . . of incoming ENAs. The technique development and testing,

ﬁlasmas. (I;)stE%tled erz\psliRElgézlsnst.ruments' V\Ilere reiﬁnﬂ)és sometimes overlooked, requires the use of a reliable con-
own on an MISSIONS 1T} Tow-ear trolled beam of fast neutral atonia few eV—-1000 eVin the

orbit. A sophisticated first large-size ENA canfénaill per- rﬁ:ound state. Even a small contamination of the beam by
form imaging of the Saturn’s magnetosphere on the Cassi ' ; : :
mission to be launched in October 1997. ENA instruments etastable atoms, which are routinely produced in charge

. S : exchange, may significantly distort the measurements.
covering a broad energy range will image the terrestrial mag-
netosphere on the IMAGE mission to be launched in Januar
2000. Several other space missions are in different stages o
planning and design. Simultaneous magnetosphere imaging The author benefitted enormously throughout many
from several spatially separated spacecraft will open the wayears from discussions on various issues related, directly or
for stereoscopic imaginy> indirectly, to the study of energetic neutral atoms in space
ENA instrument development continues with the empha-flasmas. Many colleagues provided insight, gave sugges-
sis on expanding energy range, improving mass, and enerdions, sent articles prior to publication, participated in col-
identification capabilities and imaging resolution. Increase ifaborative work, and provided encouragement. | am grateful
instrument geometric factothroughput remains an ever- to each and all of them. Although it is impossible to mention
present issue, in particular for compact instruments. all, 1 would like to especially thank lan Axford, Vladimir
Baranov, Jean-Loup Bertaux, Ara Chutjian, Charles Curtis,
Alex Dessler, Tony DonneHans Fahr, Priscilla Frisch, Herb
One can expect further integration of electronics withFunsten, George Gloeckler, Lev Gorn, Stan Grzedzielski,
multianode solid-state detectors, increasing number and sizZdarek Hlond, Tom Holzer, Johnny Hsieh, Darrell Judge,
of individual anodes and performing as much as possiblélexander Kalinin, Boris Khazanov, Rosine Lallement, Mike
signal handling on the detector substrate. An INCA imagetlLampton, Vladas Leonas, Vitalii Liechtenstein, Yurii
and various instruments on its basis are suitable for flying oiMalama, Dave McComas, Don Mitchell, Alexander Mitro-

Almost three decades of ENA instrument developmen
led to practical implementation of ENA imaging of space
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