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Résgums

During last several years the interest to the potential
opportunities of neutral atom direct study in interplanetery
space Increased significently. The expected science returr impe
important for Soler system physics prompted the development
of nev technigues and instruments., This paper 1s devoted to
the describtion of the coincidence technique developed for
the direct detection of energetic neutral atoms in space and
primarily of neutral Solar Wind.The concept of the technique
was developed and the flight instrument was built, This in-
strument mey provide unique scientific date, It is natural to
extend the application of the described technique to the stu-
dy of more heavy energetic neutrel atoms, The origin of such
fluxes 15 related to the important processes in plametary
magnetospheres,

Among the most interesting objects, which may be studied
by the technique, are neutral Solar Wind, energetic neutrals
from terrestrial megnetosphere, particularly due to the ring
current decay, energetic neutraf emission from magnetospheres

of Jupiter and Saturn and heliospheric boundary,
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It is known now that the interplenetary space conteins
the fluxes of neutral atoms of different origin. Characieris-
tics of these fluxes reflects physical processes in Solar
system, Among the most interesting objects can be mentioned
energetic neutrels from terrestrial magnetosphere, parti-
cularly due to the decay of the ring current, neutral Solar
Wind, energetic neutral emission from magnetospheres of Ju-
plter and Saturn and heliospheric boundary.

During last several years the interest to the potential
opportunities of neutrel atom direct study increased signi-
ficantly. The expected science return important for Solar
system physics prompted the development of new techniques
and instrunents [ﬁ] o« Tnis paper is devoted to the descrip-
tion of the coincidence technigue developped for the direct

detection of energetic neutral atoms (ENA) in space,

1. Basic idea
To determine the number density of the neutral particles
in ¢pace is not an easy task. The expected number density
(e.g8» W& 1070 + 1072 ¢m™ for neutral Solar Wind at 1 AU
from the Sun) is low enough to prevent the use of the tradi-
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tional technique based on the. preliminary ionization of the
neutrals by, say, electron impact with consecutive analysis
0f the ions produced, The ioaizetion probebility for neutrels
does not generelly exceed 10™4 resulting in & prohibitive
gignael to noise ratio since the noise count rate, inherent
for the most convenient detector types, is in the range
7072 = 10 ™', It is therefore crystally cleer that such =
low detection efficiency would result in a unacceptably long
duration of the experiment, to say nothing about the detecii-
on of the posasible transients,

The encouraging approach to the measurement problem is
based on the fact that neutrals to be detected are of high
energy and they can be studied by measuring their flux densi-
ty instead of their number density,

Energetic neutral atoms impinging on a surface produce
secondary electrons with a rather high efficiency. Therefore
their flux density can be detected by counting the electrons
by secondary electron multipliers, particularly of the micro-
chennel plates (MCP) type. Unfortunately, the outer space is
a extremely hostile environment for such defectors, since 1t
is f£illed by extreme ultraviolet (EUV) photons, This diffuse
background creates superiour flux of photons (predominently
Ly-elpha photons, A = 1276 3), which also may produce pho=
toeleotrons from the sensitive surface of the secondary elec=
tron multiplier. The expected EUV flux density is 4 to 5
oriers of magnitude greater than that of the neutral Solar
Wind [1] o while photon detection efficlency may be &s high
as 0,1 ‘[21 » The high photon background count rate prohl-
2its the a;raightforward applic tion of such detectors in
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spece experiments and wes the main reason preventing experi-
mentalists from direct neutral detecting in the interplamneta-
ry space earlier.

The ENAs may be ionized with rether high efficiency (up
to 0e1) by stripping in the ges or plasme targets and in thin
foils. Then the fast ions produced may be analyzed and detec-
ted by ion anelyzer, This technique is standard in passive
corpuscular disgnostics of fusion plasmas [3] + The use of the
ges or plasma targets is prohibited for long dwration space
experiments by practical considerations., As the disadvantage
of the method may be considered the use of the scanning tech~
nique or alternatively an array of a number of independent
detectors to perform energy analysis of the ions produced. Such
an anelysis is of great importance since it may provide a va-
luable information on the ENA flux characteristies. Another
important requirement for the detector is to function in un-
favouraeble conditiona with high background count rates due to
strey EUV photons. This requirement is poorly met in the ap-
proach widely used in fusion plasma diegnostics, This fact
prohobits the use of such approach to detect very wesk EI.
fluxes which are characteristic for the interplanetary space.

The vit:l problem of inherent weakness of ENA fluxes and
giganticaelly superior EUV radistion background mey be tackled
by virtue of the coincidence technique. For the first time
this approach was outlined in late seventies [4,5] to cope
with the difficulties of experimental siydy of neutrel Solar
Wind and more generally ENA in space. Detailed analysis of
such =n approach and built propjotype instruments were later

described in [1,{[ .
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To achieve coincidence, the arrival of e neutral at the
ENA detector must produce two independent detectable physical
phenomena (e.g., electron emission), whereas only one ocecurs
when & background photon errives. The only evenis that signal
particle arrival are those that occur when two independent
phencmena are detected simlgeneously, i.e, during a certein
coincidence time interval 1:0 , which ig the mexdimur time
interval between two signels for whnich they can still be cal-
led coincident., Background coincidences (rnoise) erise from
the deiection of two photons ihot arrive during T, There-
fore, signal count rate S~ I and the nois one N’“Isifo ’
where I11 end I, are fluxes of neutrals and photons respcc=
tively, The signal to noise ratio is then S/¥ = (I_/I,)/I,T,.
The ratio (In/I,) may be considered es indenendent of the
instrument aperture for almost all practically interesting
caeses, Therefore S/¥ = 1/(I‘ftb). Hence the signal to noise
ratio may be increzsed by a decrease in the aperture (end
consequently I and Iy Je This is the way the neuiral atom
flux registretion may be performed in the presence of an
essentially superior photon background,

It is interesting to underline that the nolse suppres—
sion factor is 2 function of the absolute value of the flux
to be detected. The lower is the flux, the greater is the
noise suppression. Therefore, for any arbiirerily given ori-
ginal ratio of fluxes of neutrals to photons in space, an
instrument aperture can be chosen which provides the required

he

signel to noise retio, One should also remember thet
lower 1s the insirument eperture, the precter observation

time is required to get staticticelly confident resulis. The
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requirements for signal to noise ratio and observation time
(i.e, stetistical accuracy) are contradiciory and the tradee

off, obviously, mist be found in every particular case,

2, Instrument. Prototype.
2.1. Principle of operation
Principel scheme of the time-of-flight (TOF) detector-
energyanalyser (DEA) for
D EFAs is showm in fig.le

d P

The DEA operates in essen-

tially coincidence mode

——————

H f/ '\ and uses TOF technique
e ¢ which 1s sirdlar to that

widely used in nuclear

Fig.1l. Energetic hydrogen atonm
detection by coincidence
technicue,

physics experiments with
heavy ions and fragments
having energies of several MeV. Analogous technique was used
for analysis of ions with the energy down to several dozens

KeV [:7] « We proposed to apply it to neutrals with energles
lower by alrost two orders of megnitude, The main constitu-

ent of neutrsl Solar Wind ig expected to be hydrogen atoms.

And the detection of such atoms by DEA is of the most inte-

rest,

The neutral particle penetrates the thin foil F causing
the emission of electrons. After flying along a certain dis-
tance (flight length) with a somewhat reduced energy it
reaches the particle detector D, The electron resistration
trigeers the START signal for the TOF analyser (which mea=
sures the time interval and stores the result) and the heavy
particle detection triggers the STOP signal, This iechnique
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permits the velocity (energy if the mass is known) o7 the par-
ticle to be determined, and is essentially a type of & coinci=-
dence method,

TLe photon would either be abserbed by the foil F (which
may result in phoioelectron cmission prectically indistingui-
shable from the electron emissZon due to the heavy particle
penetration) or trigge: the perticle detector after passing
unobstructed. through the foil,

Only heavy particle may produce both seconiery electron
from the foil and triggering of the particle detector D in cow~
incidence, i.e. within the time intervel T,. The value T- 1is
deterrmined by the longest possible flight time o. the heavy
particle between the foil and the particle detector D, For a
fixed flight distance the Ilight time is a furnction of the mi-
numum possible energy Enﬂn of a particle after the foil. The
minirmim possible energy is determined from both the expected
initial value of the energy of the neutrels to be detected and
from the fact that the detection efficieney of partieles by D
drops a2bruptly down from the certein energy value. Therefore
if one has particles with ernergy lower than this value, they
will not be detected by D, By the rule of thumb, we accept for
E _;, the value of 100 eV, This energy determines the maximnm
value of the time interval, up to which the TOF analyzer should

measure and memorize the tine intervals.,

2.2. Leboratory sirmlation
Three various prototype DZAs sre built and tested under
irradietion by monoenergetic hycirogen atom fluxzes vilth energy
in the ronge from 600 up to 3000 ¢V (ac expected for the neut-

ral Solar Wind) [?,?] .
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DEA type A is shown in fig.2-A, The carbon foil has a
thickness of 80 A and is supported by the fine mesh with
65 % geometrical transperency, Chevron stack of two LCPs is
used to detect particles and electrons, Lo special attempts
vrere made to match the anode to the 50-Ohm cable, The elect-
rons accelerated by an input lCP voltage Uy outrun the heavy
particle and are registered by D. Cnly then does the heavy
particle reech D where it may be registered, The DEA-A is
besed on the single channel mode (START and STOP are trigger=
ed by the same detector and are sent elong the same line) of
TOF anelysis with a single detector.

DEA-B (fig.2-3) uses the additional funnelled channel
electron multiplier to detect secondery electrons (START).
DEA-B utilizes the two~channel mode of TCF anelysis with two
detectors,

DEA-C (fig.2=C) is based 2lso on the iwo-chennel mode
of TOF snalysis but with a single detector only., The detec-
torts collector is divided into two parts. The shift of the
1ICP detector from the axis and the addition of an elecirode
E biased at U* create an electrostatic field configuration
such that electrons are registered primarily by the lower
pert of the collector (START) and heavy particles prinarily
by the upper part (STOP). To avoid the appeerance of simul-
taneous signels in both lines arising from particles imping-
ing on the ceniral part of the first LCP, the shield S of
3 mm width is placed in front of D.

The flight distance in all types of DEA is erproximate-
1y the same - 3 cm. The 1CT stack sensitive area is 28 mm,

The characteristics of all DEA types ere sirdlar and describ-
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ed in detail in [?,é] with the discussion of the advantages
and disadvantages inherent to different schemes.

The typical TOF spectra for the defection of monoenergetic
(E,) hydrogen atom fluxes are shown in fig.3. The dependence
of the detection efficiency on Eo is presented in fig.4.

E°=1500 eV
Eon‘IOOO eV
N E =600 eV
~ .
- - -ﬂ--....__.'\-—‘_
\M.M“h P TH-“
60 80 T , ns

Fig.3. Typical time-of-flight specira for the detection of
monoenergetic (Eo) hydrogen atom fluxes,

0.2 [

0.1 -

. | . | . l
1000 2000 Ey eV

0.0

Pig.4. Dependence of hydrogen ntom detection efficiency
on Eo'
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The laboratory study of the performance of the DEA proto-
types may be summarized as follows: they provide detection
of hydrogen atoms 0f 600=3000 €V with an efficiency 1-20 %
and an energy resolution E/AE of about 2. The detection is
realized in the coincidence mode that ensures the extraction
of the weak neutral a*om signal from the superior EUV back-
ground,

For hydrogen atoms with 1 keV energy typical for the neu-
tral Solar Wind the detection efficiency is = 3 %, The poor
energy resdlution is determined by the straggling: emergy loss
during penetration through the foil is a statis*ical process,
The angular scattering in the foil also deteriorates to some
extent the energy resolution. With the ircrease of the parti-
cle energy, the relative effect of both straggling end scatter-
ing diminishes and the energy resolution improves,

For the particle energy range of interest, the TOF spect~
ra are not influenced by the electrosiatic field between the
foil end the detector, since only few per cent of hydrogen
atoms emerge from the foil in charged state., Only with the
energy increase over 10 keV, the charged constifuent among
the emerging particles becomes significent and should be then
taken into consideration,

As can be geen from fig,3, the-vidths of the TOF specira
are not less then 10 ns. This fzct implies very modest re-
quirements to timing electronlcs: simple leading edge discri-
mina‘ors mey be used; walk, drift and jitter problems may be
neglected; the number of chennels to memorize {ime intervals

distribution may not exceed several dozens; etc.
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263, Calibration

A comment should be made on the calibration, i.e, deter-
minetion of the absolute detection efficlency of the instru-
ment, This is usually the heed-ache problem, The colncidence
mode realized in the instrument gives a unique opportunity to
measure absolute intensities of neutral particle fluxes wlith-
out detector calibration, provided that there is no back-
ground, The particle errivel at the detector may result in
two independent events: (1) emission of the electrons from
the foll and their detection and (2) heavy particle registra-
tion by D. Let I  be the intensity of the flux to be measured
and Py and P, be the probabilities, which are unknown a pri-
ori, of registering events (1) and (2). Then I, =I,%,
I,=I % end I, =I, P4 By, where I, and I, &are respective~
1y count rates of events (1) and (2), which can be measured,
and I, is the measured coincidence count rate of events (1)
and (2)., Hence, the value I, may be derived from measured
quentities es I = (I, I,)/I,, and P, and P, (and detection
efficiency &, = P, P,) may be derived from these measurenments

likewise. One can see, no preliminary calibration is necescary.

2.4, Signal to noise ratio

Let us consider the instrument performance under simulta-
neous neutrel particle end photon fluxes illurmination. Let
the instrument sensitive area and field of view (FOV) solid
engle be S, end jiLdf

The noise coincidence count rete due to photon flux is

Ry = &) YRy Xe £ T Fal S: .Sz-i
where £y - detection efficiency of photons by D3 W9 = foil

transmission for photons; X;-»photoelectron erdssion efficlie~
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cy from the folly £, - detection efficlency of electrons;
2"0 = coincidence time interval; F, «~ EUV photon flux num=
ber density (per unit solid aagle),

The signal coincidence count rate due to flux of neutreals
is

R, = En Fu SyS0

where &, ~ detection efficiency of neutrels by the instru-
ment; Fam =~ flux number density (per unit solid angle),

For Ly-¢& photons &£y = 0,03 [8,9] : o= 1.2 10~ end
Ye = 1.2 103 [10] ; let £ = 0.8 [11] yEn= 0,03 and
T, = 100 ns.

The signal to nolse ratio is then

A = Rn: &'th, xio“ Fu.
Ry EoWo Ye&aT, F2 Syny Fy Se524
The flux of EUV photons (predorminantly in Ly-«) is due

to the radiation of the Solar corona and the resonant scat-
tering of the Solar light by the interstellar gas inside the
Solar system, If the instrument is directed along a line
which is off-set by more than 2° from the Sun (for neutral
Solar Wind measuremeni experiment. the off-set angle equals
4 < 6°), the photons scattered by the intersiellar gas be-
come the prime constituent of the background EUV radiation,
providing the baffle system is ideal. Then, Fw{-_ 600 Ra EIF.’J R
1.e. maimun Fy = 5 107 phosu 2 s~ sr” . Let be Sy = 3 ca’
and ) = 5°#5° & 10™° sr. Then, for the minirmm expected

velue F_ = 104 on™? g~ gr~!

D =10
and R = 10 s,

It should be noted that these estimates for A and R, ve-
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lues are on the conservative side and 1t is rather probable

thet A end R would be one order of magnitude greater.

3s Flight instrument concept

The experience gained with the prototypes of the TOF dete=
ctor-energyaralyzer is the foundation for the concept of = mo~
dified version wich might be designed for the on-board operas=
tion, The general scheme is shown in fig.5. The instrument
consists of a light baffle, filter (optional) and detecting
assembly; estimated weight = 5 kg, power consumption = 3.5 Wt.
Baffle, The light baffle is approximately 60 cm long with the
outlet orifice diameter equal 27 mm; its POV solid angle hes
4-5o diameter, There is a permanent magnet inside the baffle
deflecting entering ions (up to 50 keV for protons) and elect-
rons, Since the instrument is to be pointed along the direc-
tion with a 5 off-set angle from the Sun, which is an extre-
mely bright EUV source (4 1011 cnfz 5_1 at Earth orbit Eﬂﬂ),
the quality of the baffle is the cruclal factor, Two possibi-
lities are considered: 1) the baffle rmst be of the highest
possible quality, if no special filter is used; 2) the baffle
may be as simple as possible (with corresponding poorer jer=-
formance) if the filter is installed.
Filter, We propose to instell st the immediate entrance of
the detecting essembly a specially cesigned filter - the nu-
clear track filter (IFTF) or molecular sieve, as it 1is also
called, = to suppress EUV photon flux and to increase the ra-
tic of neutrals to photons. The advantage to use NTFs for thls
purpose was for the first time emphasized by us in [ﬁ] « At
the seame time, independently, NTFs were proposed o use as

fiiters in EUV and soft X-ray astronocnmy [14 ] .
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Fig.5. Neutral solar wind detector-energyanalyzer. D,, D, and D3 -~
MCP detectors, PM - permanent magnet, EM - electrostatioc
mrror, ¥ - foil, NTF = nuclear track filter,
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Several reviews (e.g. [15,1é] ) were devoted to XTF tech~
nology and cheracteristics, The thin (1-100 pm) organic foils
(say, Lacrofoil® [17]) or mica are bomberded by heavy ( e.g.
Xe*) ions with energies of several MeV per nuclecn, The pores
(eylindricel or conicel) are etched aftervards in the foil
along the ion tracks, The etched stralght channels are trans=-
parent for neutrel particles but their trensperency for the
photons is e strong function of the wavelength,

Now, the following NTF parameters seem to be necessary:
- vorking erea diameter 27 mm;
- foil thickness - 1 s
- channel diameter - 1000 i;
- channel length to diameter ratio - 10 (therefore the instru-
ment POV 1is not obstructed by ITF);
- geonetrical transperency = 10 %,

Though only 10~7 of the originel fluxz of neutrals would
pess through such structure, the prelixinary estimntes chow
thet only 10™° of the Ly-of (1216 1) flux end 10™% of *he
584 A photon flux would pass through it. Thus A mey be sub=
stentially increesed.

The MMPs with such parcmeters never have been produced
or used before, though there seems to be no unsurpassable
tecimological difficulties, The long time degradation under
UV 1illurdination, the effects due to short time hit by direct
unobstructed Soler light, the sinlk of the ebsorbed energy end
otlher features are virituelly uwnimovn, That is why the filter
is considered to be optionel, omd experiments now under the
way should resolve the problem.

The IMPs would exirenely improve the ability of the in-
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strument to extract the neutrals from the EUV background,
Their application may permit even to detect energetlc neutral
hydrogen atoms, emitted from the Solar Wind terminetion regi-
on.
Detecting essembly, All detectors Dy, D, and D, (£ig.5) are
commercially available chevron MCP stacke with the sensitive

area of 27 mm diemeter, The 80 i carbon foil supported by the
fine mesh hus elso & 27 mm diameter. The flight distance bet-
ween foil and D3 is 6 cm, Two identical detectors D, and D,
are used to detect electrons emitted from the foil. Two elec=-
trostatic mirrors constructed from the 95 % transparent harp
grids provide isochroncus transport of emltted (end accele-
rated up to 1000 eV) electrons to corresponding detectors,
Electronics unit. The electronics unit includes three identi-

cal chains of amplifiers and discririnators, four counters,
time-to—digital converters (TDC), three 32 channel memories,
high voltage power supply. High volteges supplied for detect-
ors end exposure time are preset by digitel command. The
emergency voltege drop is forseen under certein conditions,
Three counters accumlate counts of the three detectors D
end one counter eccummlates coincidence counts (coincidence
time interval 10 ns) ol D1 end Dye Three TOF spectra (with
unequel channel widths) are accurmlated varying in the three
different types (sources) of START signal (the STOP cignel
is provided by DB):
1, START signal is provided if only D, (and not D,) is trig-
gered;
20 START signel is provided if only D2 {and not D.I) ig trig=-

gerei;
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3e START signel is provided it D, =nd D, ere triggered simul-
taneously.

Such instrument concept provides the necessary redundancy
(the falure of either D, or D, is not “mortel" for the expe~
riment) end house-keeping irnformation, The third type TOF
spectrum is accumlated under substantially better signal to
noise ratio condition (but reduced detection efficiency)
vhich may provide important information for treating the dat:
Loreover, this third spectrum may become extremely important
if etoms heavier then hydrogen or helium are detected, being
the case for the emission of neutrels from Jupiter and/or Se-
turn megnetospheres, For example, 5 keV energy sulfur aton
herdly would be able to penetrate through the foil and hit
D3, but 1t seems to be able to produce secondary electrons
from both sides of the foil with high efficiency.

The first two time channels in the each TOF spectrunm
correspond to the events when D3 is triggered first and then
are triggerec D, and/or Dye Therefore these chennels rrovide
similtoneous measwrement of the level of random (noise) coin-
cidence count rates, The next two channels in each spectrum
corregpond to very high veloclty and provide information on
high energy particles (undeflected protons, of ~particlesSeccs)s

The adcitional electronics urit i3 to be used to inter-
face described instrument to the particuler spacecraft tele-

metry system.

5. Conclusion
To study neutral Solear 7ind (end energetic neutral hydro-

gen fluxes ¢f enother crigin), Yhe concept of the technique

fand
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was developped and the flight Instrument was built. Thig ine-
strument mey provide unique scientilic date important for
Solar system physics.

It is natural to extend the application of the described
techmique to the study of the fluxes of more heavy eénergetic
neutral atomc ( He, 0. S ), The origin of such fluxes is re-
lated to the important processes in terresirial megnetosphe-
re end that of Jupiter and Saturn. However for this applice-
tion, some new ideas are to be introduced and the instrument

1s to be modified., Such a work is now in progress in the lab,
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