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TWO HIGH RESOLUTION VELOCITY VECTOR ANALYZERS

FOR COSMIC DUST PARTICLES

 Siegiried Auer ‘
Laboratory for Optical Astronomy

ABSTRACT

- Two 'n'éw irilethods are described to meaéure velocities and angles of
incidence of charged cosmic dust particles with precisions of about
1 perce'nt and 1 degree, respectively. Both methods employ four
one-dimensional position-sensitive detectors m series. The first
method utilizes a cﬁarge-dividmg technique while the second uti~
lizes a time-of-flight technique for determining the position of a
particle inside the instrument. The velocity vecto;'s are measured
although mechanical iﬁtéraction between the particle and the instru-
ment is cofnpletely avoided. - Applications to Eosmic dust composi-
'tiﬁn and collection experiments étre discussed. The range of radii

. §f measurable pafticles is.from about 0.01 to 160 pm at velocities -

from 1 to 80km/s.
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'TWO HIGH RESOLUTION VELOCITY VECTOR ANALYZERS

FOR COSMIC DUST PARTICLES .

INTRODUCTIC;N

Results from cosmic dust e}q);ariments ihldeep space (Pioneer 8 and 9)1 and ¢n the
luﬁar surface (Apollo 17) indicate that cosmic dust particlesl are fox.t’ﬁd.iﬁ ellipﬁc .
orbits around the sun as well as’ in hyperl;olic grbits. One pa,rticlé was defi-;
nitelj;r obsefved to have a hyliérbolic orbit whiéh could ;mly have come from in-
terstellar space. 2 Interstellar origin’of a few other particles is still ﬁossible,
but not Certai'nll at "th.e present time due -t(; large uncertainties in the measured
orbital parameters of these dust particles. Pioneer 8 a.nd a éosmic dust data
show a strong evidence that many hyperbolic dust particles are formed within
.la .u. from the sun and moving essentially radially away from the sun.> ‘They
may have been generated by inter-particle colhsmns in the vmnnty of the s@ ,4
or they may have beeﬂ e;ected from the solar atmosphere 5 This question,

" although of 'gréat astrophysi'cal importance, still rem'ai_ns unE;.nSWered. “An iﬁ-
str:ument with_ a high ré_solution in both angle and velocity measurements would
help greatly in aqswering not only the above questions, but also i.nlstudyi.ng pe-
culiar motions of interstellar dust pértiéles and. in determining the pé,rallactic
motion Q_f thf; sun with_ r’espect to the local inteIl‘stella:r dust enviroﬁﬁént. Aiso
such an instrument‘,. would enhance our kno‘;\fledge on ?he c-rrla"ital Qc-)frelations he-
twegn the dust part;c_l_es and their parent bodies, such as comets, ﬂasteroi.ds, and

possibly the moon. This paper describes two new position-sensitive detectors,



each of which can be used to build an instrument with an angular resolution of
about 1 degree and a velocity resolution of about 1 percent. Furthermore, both
detectors have the advantage that they perform measurements without touching
the particle mechanically. In that way, it will be possible to combine the ve-
locity vector analyzer with a composition analyzer and determine independently

both orbit and composition of any cosmic dust particle.

OPERATION PRINCIPLES OF A VELOCITY VECTOR ANALYZER

The velocity vector vy, of a cosmic dust particle, with respect to the instru-
ment's frame of reference, can be completely defined by the coordinates of two
points A and B on the particle’s trajectory and by the elapsed time for the par-
ticle to travel from A to B. Detailed formulae for ‘}:; will be given later.

vro is transformed into the heliocentric particle velocity ﬁ;l by taking into con-
sideration the heliocentric spacecrait velocity and the instantaneous orientation
of the instrument with respect to the sun. A complete set of orbital parameters
for each particle can be obtained from this information. Berg et al. have been

utilizing this technique for many years. 1-3

Uncertainties in the position measurement of the two points introduce the larg-
est errors in the determi_na,tiqn of the orbital parameters. Hence, a major ef-
fort was devoted to developing a position-sensitive device with a high resolution.
A high resolution position-sensitive detector has already been described. 6

While it measures a position only when a dust particle penetrates a thin film,



here we are considering detectors which are based solely on the electrical in-

teraction of a particle's charge with a plane conductor, usually a metallie grid.

Dust particles in interplanetary space carry a positive charge g at an equilib-
rium surface potential ® of 5 fo 10 volts with respect to the sﬁrrounding rmedium,
according to theoretical consideraf.ions by Rhee.’ Even though Jennison and
McDennell did pI“Op();SG an experiment to measure ﬁhe charge in 1964, 8 it is ex-
pected that the solar probe Helios will carry a detector to determine the elec~

trostatic charge of an interplanetary dust particle for the first time.?

A particle of radius r carries a charge
q = dmeor® . | (1)

Table 1 shows.t;?picall-charges carried by cosmic dust parfﬁicles; It is clear
from Tab-ie'l that one needs not only a most sensitive charge amplifier to detect
dust particles with radii as small as 0. 01 um; but also a ﬁlost'éffective means
of suppressing electfomagne"tic and acoustic noise. The best amplifiers have
presently an eléctrical noise equivalent to 80 eV (fwhm) in silicon (Kandiah).m
Ra,déka and Kra.hérll designed an 'amplifier'for space application with an elec-
trical nois.e - under optimum cond,itiohs - of 125eV (ﬁ:vhm)‘which‘is‘_equi'va.-lent
to a charge of 2.2 x ]_(}"1‘8 As (rms). With an amplifier havﬁg such a low noise,
one can readily detect dﬁst particles carrying charges as small aé 1.5 x 10°V7
As. Methods of'detecting' smaller charges , possibly as small as 2.2 x 10-18. As,

will be discussed later.



Table 1

Charge q of a particle with radius r and mass m (assuming a
density p = 1gem-3) and equilibrium potential ® = 5 and 10 volts.

r (pm) 100 10 1 0.1 0.01

m (g) 4x106 | 4x109 | 4x10712 | 4x10°%5 | 4x1078

o= 5V 6x10% | 6x1015 | 6x10°% | ex 107! | 6x 10718

q (As)
$=10V |1.1x1013{1.1 x10-14 {1, 1 x10-15 1.1 x 10716 1.1 x 10-!7

EXPERIMENTAL ARRANGEMENT

The experiments were carried out with dust particles from the electrostatic
dust accelerator at the Goddard Space Flight Center. A slit at the entrance of
the experimental chamber limited the width of the particle beam to approxi-
mately 1mm. The particles carried positive charges q between 10715 and 10713
As and had velocities of several km/s in most cases. The preamplifiers used
to perform the experiments were identical to devices flown on Pioneer 10 and
11.22 The rms noise voltage was 0.23 mV across a feedback capacitor of 1pF.
The power consumption was 10mW and the weight 9g excluding shielding mate-
rial. The amplified signals were displayed on a dual-beam oscilloscope and
photographed. The photographs were analyzed by hand, using a millimeter
rule. It should be emphasized that either charge or current amplifiers must be
used. Voltage amplifiers are not appropriate, since the output of either detec-

tor described in this paper must virtually be kept on ac-ground.



POSITION-SENSITIVE DETECTOR USING A CHARGE-DIVIDING TECHNIQUE
‘The operation of a position—s_ensiti_ve_dej:ector, consisﬁﬁg of N sub-detectors and-
utilizing thiﬁ—film penetra.tim6 can be summa;rized as follows: A charge g, col-
lected on the k-th sub-detector is divided by a capacitive network into par!:é q1

and Cig- In the simplest case, when all capacitors C are equal&, the charge cou~

pled to amplifier no. 1 is

_ N+1-k

9 = N +1 (2)
and the charge coupled to amplifier no. 2 is
k- o .
4z = N+1 4 ‘ ‘ (3)

q,/q and 91/q are step functions of the position only, with N possible discrete

ratios.

The detector used for this work was made of a plastié frame with é, window,

100 mm by 100 mm wide, and 38 parallel tungsten wires with diameters 0.025 mm
at equal distances, having an overall transmission coefficient of .over 0.99. Any
adjacent wires and the two amplifiers were interconnected through a capacitor,

C = 560pF, in parallel with a res.istor, R = 10 Megchm, totaling 39 capaci—l
‘tors and 39 resistors which wére soldered on terminals located on the frame.
While the capacitoré made up the actual chafgg-dividing network, the resistors

‘ were uééd only for the purpose of holding the wires on a defined potential. Al

schematic diagram is shown in Figure 1.
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Figure 1. Circuit diagram of a position-sensitive detector with a
charge-dividing network
Each end of the charge-~dividing nelwork was connected to a charge-sensitive
preamplifier. The detector and the two preamplifiers wereplaced in a grounded
metal box having windows covered with knitted tungsten wire mesh for the parti-

cles to enfer and exit., The outputs of the preamplifiers were fed into laboratory



postamplifiers outside the experimental chamber which performed 7us RC pulse
shaping and final amplification. The noise level after pulse shaping, referred

to the preamplifier input, was equivalent to a charge of 3 x 16-17 As.

Each individual pair of wires is a coﬁtinﬁous, guasi-linear position-sensiﬁve de-
tector by itself. As a particle passes clo‘se to a wire, this wire picks up a strong -
gignal, buf the wire next to it picks up a weaker signal. The rela.tive amplitude
of 'slt éig‘nal_ is only a f@ction of position. When we assemble many such position~
*sen'sitive sub-units through a cha,rge-dividing network, we can combine two prin~
-ciples of position-sensing and obtai_n a large position-sensitive é,rray which has,

at least theoretically, an infinite resélution and an almost linear response.

Thé results in Figure 2 were obtained by moving the detector in steps of Z2mm
tﬁrough the.dust beaﬁ in the direction normal to the beam and norm;.l to the

“wires. Each dot répresents a ratio q,/q, measured from a single; pax;ticle pass,
as a function of the position of the detector. It can be seen that the resolution is
1 - 2mm or 1 ~ 2 percent over the entire detector width of 100 mm.~ The resolu-
tion can probabiy be improvéd by means of sophisticated electronics .like analog-
to-digital converters. The curve‘ is linear in the middle region. It is slightly
flattened at the two ends. This is due to the fact that the charge of a dust par-
ticle is not only sensed ét the instant of ﬁassage but also before and after that,

. and the above linear equations ,' originally derived fcﬁ"‘ a thinvfilrh penétration

detector, do not hold exactly.
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MEASUREMENT OF THE VELOCITY VECﬁ‘OR USING THE |
CHARGE-DIVIDING TECHNIQUE ‘ |

A”v‘eit;éityuv;ector am;.l"yzer consisting of four poéition—sensitive detectors m
series lis shown schematically in Figure 3. Tyi)ical overi;ll dimensions are -
160 mm'by 100 mm hy 10O mm, resuli:i'n'g ina Viewirllg angl¢ of é,pproximately 50
degrees. The first and thirdrdetectors to';gf;ther measure the angle oc:betweeﬁ o

the z-axis and the projection of the trajectory on the x-z-plane,

Ky X

tangy = S .
Zyp =By

4

' The second and fourth detectors together measure the angle § between the z-axis

and the projection of the trajectory on the y~z-plane,

| - Y2 ¥ ' | ' ;
tan g zgz-zm" . - ‘ (5)

The times when a particle passes through the grids at z = z,|, z,,, zBi, and zg, -

shall be t,,, t,; tgy,, and ty,, respectively. The velocity components are then

Xy =Xy

e tar = tar’ ©
YT 0
o EmtZa _ Zm-Za l
V; = = {8
oty -ty tpy ~tan | - ()
The velocity vector is
Viel = {Vx, Yy, V) o {9)
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13 2y 25 Lyo Z,

Figure3. Exploded view of a velocity vector analyzer using the charge-dividing
technique. Top: stereographic view. Middle: projection into X~z-plane.
Bottom: projection into y-z~plane.

We can also express the coordinates of point C (x, Vo, Eco) where the particle
trajectory intersects the plane z = z; which is parallel to the x~y~plane at an

arbitrary distance z.,

KXo = X) + (2, - 2,,) tan o (10)

i

Yo =¥y t (2. - zyo) tan (11}

10



The overall transmission co.efficienf of the four grids is over 0.96. For use in
a space experiment, hqwteyer‘,“ the parallel metallic wires would havé to be in-

| te-r.woveﬁ'p;:rpendicularly with non-metallic thread, such as nylon, in order to
strengthen the grid mechanically without sh.orten'mg the wires electrically. The

' transmission coefficient would therefore be about 0.92.

It is clear that any noise supeﬁmposed on the signal wil} affect the accurac‘y
with Whiéh the relative amplitudes q; /q and g,/q are measured. In order to
achieve a resolution of 1 percent in position, the signal-to-noise ratio must be
considerably better than 100. This condition may-not be met for the charge sig-
né.ls from submicron size particles and, therefore, their orbi‘cé can probably
not be measured With the full precision. The detector described nekt will be

much more adequate to measure orbits of submicron size particles.

POSITION-SENSITIVE DETECTOR USING A ;i‘IME—QF-FLIGHT TECHNIQUE
A second detector has been constructed with i:hrée grids pl‘aced in a shielded box
as shown in Figure 4. Each gﬂd was madé of a metal frame with a window,

106 mrﬁ by 100 mm Wide. Knitted wire mesh was stretched over the frame and
glued in place with conductive epoxy. The mesh had been knitted from 0.012mm
thick tungsten wire. It is a strong and almost indestructible material despite

its cobweblike thinness. The hole size was between 1 and 2mm, giving a trans;
mission coefficient of 9.98 to 0.'99. ‘Due to stretching, the mesh was field under

a permanent tension such that it made a well-defined pla.ne.with the frame. The

11
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first and third grids were parallel to each other and perpendicular to the beam,
both being connected-tp amplifier no. 1. The second grid was inclined by about-
- 19 degrees relative‘ to the first grid and édnnécted .tq afnplifief nt;. 2.. No pulse
shaping was made in order fo preserve ‘the shapes of vthle signals. The grids
have been placed together as close as bos‘siblg , so that the angle ¥ between the

first and second grids was virtually given by tan v = Z/X.

When a particle passes thr-ough th¢ detect'or, i-tsl charge q is first sensed by‘ am-
plifier no. 1. The first maﬁimum-o.f this signal is reached at tirﬁe t; when the

© particle penetrates the firstl grid. As it legiré's. thé first and approaches the
second grid, this s‘ignal drops and the signal from amplifier ﬁo .- 2 rises. When
the particle penetrates the second grid, at time t,, Athe_signal, from no. 2 is at
its maximum ; but the particle ‘cha-.rgle ‘is shigldéd from the first and third gfid,
50 i’he'signal from no..- 1 'is zero. -As the particle approaches the third grid, the
signal from no. 2 drops and the signal from no. 1 rlise"s'. The second maximurn
of the signél from no. 1 is reached :at time t, when‘ the particlé penetrates the
third grid. An example of a pair of signals 'is shown iﬁ Figure 5. We realize:
the movre left the particle passes the shorter is the time t 1 t,; the more right
iﬁ passes the longer is t, - {, .- Hence, whi.1e the time t; ~ t; tells us the veloc-
ity of a particle, the time t, - t,, divided by t; - t,, tells us the position of
passage. ‘F";igure 6 shows the ratio (t; - t, )/ (t; - t;) measured as ﬁfunction of
position. - The results form a straight line witﬁin the experimental uncertainties.
It can be seen that the resélutioﬁ of this detector is approximately I mm over

the entire detector width of 100mm.

13



Figure 5. Oscilloscope trace of the signals
from a position-sensitive detector using the
time-of-flight technique (5us/div., 10mV/div.).
Note that the lower signal is noisier than the
upper signal hy a factor of 3, due to different
noise figures of the two preamplifiers. The
polarity has been reversed by the amplifiers.

MEASUREMENT OF THE VELOCITY VECTOR USBING THE
TIME-OF-FLIGHT TECHNIQUE

A velocity vector analyzer again consists of four position-sensitive detectors in
series. As shown in Figure 7, we may use five parallel grids, at distances 7
from each other, and connect them to amplifier no. 1. We put four inclined
grids between the parallql grids, such that they almost touch them, and connect
them to amplifier no. 2. We measure electronically the time intervals t;, ty,

and t,, for reference see Figure 7. The detector height X is known. The

14
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G

. velocity components parallel to the x- and z-axes are, respectively,.

Ve L (12)
Ve = (E - ”f;).X - (13)

For the angle « between the z-axis and the projection of the trajectory on the

x-z~-plane we obtain.

t) X a
t;ma=(-—t—x)-i R ¢ )

Cons{der@ng_the y-z~plane, we g'ef‘ similar relations when ty and ty are meas—
ured and the detector width Y is known. The Veiobity component parallel to the
_y-axis is
711y S
For the angle § between the z~axis é:nd,_the prbjection of thé trajéétory on the

y-z~plane we obtain

AR |
-tanﬂ—‘(l E;)z‘ | _ {16)

We can also express the coordinates of point C (xc, y¢, z';;), where the particle
trajectory intersects the plane z = z., which is parallel to the X-y-plane at an-

arbitrary distance z; from the first grid,

Xt; X [ t\ . |

Y

x

17



Y vt Y [ |t
Yo T Tz +z( ty) 2 (18)

The overall transmission coefficient of the nine grids is between 0.98° = 0.83
and 0.997 = 0.91. Typical dimensions of the instrument are: width = 100 mm,
height = 100 mm, length = 160mm. The resulting viewing angle is approxi-

mately 32 degrees.

An experiment designed fo verify the angular measurement has been performed

with an arrangement of five grids as sketched in Figure 8. The dimensions

| [
o b 21,0

2 390°+19%0° . y—‘—D:/‘\/\/\_
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Figure 8. Experimental arrangement and measured results of an angular
detector using the time-of-flight technique
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were approximately X = Y = 100 mm, Z = 25mm, and an angle of a,bout 40 de-~
grees was chosen hetween the sensor axis and the beam. Time intervals tx and 4
2tz were taken from photographs of 18 oscilloscope fecordings and plotted in -
the diagram of Figure 8; Equation 14 gives o = 39.0 £1.9 degrees. The‘uncer-
tainty can be explained solely by the error which is i_rﬁ:roduced when measuring

tx and 2t}, with a millimeter rule oxi a photograph.

A redundant measurement of the velocity vector. can be made by using 13 grids,

the arr@ngement being sketched in Figuré 9. The transmission coefficient of all

FYY
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Fig\ure 9. Schematic d1agram of a velocity vector analyzer modmed for the
detectmn of dust particles with extremely small charges -
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grids together would be between 0.77 and 0.88. The viewing angle is about 22
degrees. The employment of three amplifiers appears to be advantageous. The
time intervals tx, ty, and tz between the maxima of any of the three signals are
constant. According to equations 12, 13, and 15, those time intervals give di-

rectly the three velocity components vy, vy, vz.

This fact will help us in measuring the velocity vectors of particles carrying
charges as small as 2.2 x 10-1% As, as will be discussed later. The presumedly
high flux of very small cosmic dust particles entirely compensates for the re-

duced viewing angle to give a high rate of particle detection.

RELATIVE ADVANTAGES AND DISADVANTAGES OF THE TWO TECHNIQUES

Charge-Dividing Technigque

The major advantage is the large field of view that the velocity vector analyzer
has. The major disadvantage is the reduced resolution for submicron size

particles.

Time-of-Flight Technique

The only disadvantage is the smaller viewing angle. There are several advan- ‘
tages. Mechanically, all grids are easy to manufacture and to align and are
almost indestructible. There are no electronic components to be mounted on
any frame. A high reliability is, therefore, inherent. The pulses obtained have
equal amplitudes, and certain maxima and minima have equal distances t;. The

slopes of the pulses are nearly linear. The calibration curve is linear. All
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these facts help to distinguish small signals from noise pulses. Furthermore,

it is easier, electronically, to measure time intervals than pulse heights. Some

of these relative features are listed in Table 2

Tabile 2

Comparison of the Two Techniques

Technique Charge-Division Time-of-Flight
Mechanical more difficult and .
Construction vulnerable simpler, rugged.
Electronic Design more difficult gimpler |
Number of 3 9
Preamplifiers -
Reliability medium high
e
Field of View . larger smaller

An advantage .of both techniques is the freedom in choosing £he bias potential of
the grids. The optimum choice is nofmally to have éll bot_entials_on spacecraft
ground. Then the spaces be‘tw.ee’n grids are entirely fiel,d_—free,and no acoustic
noise can be lgeneraf;ed 'by vibrating grids, an effect frequ.en'tly observed with

impact plasma detectors.

ACCURACY OF MEASUREMENT OF ANGLES OF INCIDENCE
" The calibration experiments descrﬂ;ed above show- that the detectors ha;ve a

resolution with respect fo position of Ax = 1 - Z2mm over a width of 100mm.
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If we measure the coordinates of two points on a particle trajectory which are

separated by a distance Z, we obtain an angular resolution

Aa < arc tan ézi (19)

If 7 = 100mm, we obtain Aw < 0.57 ~ 1.14 degree, where the = sign is for
normal incidence and the < sign is for oblique incidence. A higher resolution
can be achieved by increasing Z and/or decreasing Ax. Similar relations hold

for the angular resolution AgJ.

ACCURACY OF THE MEASUREMENT OF THE VELOCITY COMPONENTS

Charge-Dividing Technique

if we add errors quadratically, we get the errors of the velocity components,
Iy

Avy { (&}Q) + (AX (&tm . (Atm) (20)

Vx X2 ta tm1

A A At M)

w6 R ) e

Vy Ta2 fu2

2 2 2 2 %
Az _ { (AZA]) + (Az.m) + (AtAl) + (f_\.tm\ (22)
vz Zal Zp) tay }

, Axy FAS & Byt Ay
Ha,v —— T e, = e, = Y = - -
g X1 X2 1 y2 = Q-7xw’
A Fa A A
ZA1 ZA2 ZBl 282 5x 103, and
Zat Za2 ZB] Zg2
At At Ot At
al _ Dtaz _ Ster  Atez o 140
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(for tg; -ta; = 2ps and At = 10ns),
we obtain

AVx . BYY _ (1.6 -2.9) x 10-2 and

—\_f; Vy
AL
Ve
Time-of-Flight Technique
In a similar approach we obtain”
Avg _ [ (Dtx)? (Atz)z (g)z -
Vx' —{(tx) v ty .+_ X _ ‘ (23)
. 2 - 2 214 : . )
Avy _ J(Bty) (éﬁz) + (ﬁ) | 24)

et e

and é, stability of instrumental dimensions (AX = 0.5mm, X = 100 mm)
— = = = = = 5x%1073,
then the errors of the velocity components are

Avy

= .‘&WVY < 8.7x10°% and =2 < 7.1x103.
Va Vy o - Vz
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ON THE ACCURACY OF DETERMINATION OF ORBITAL ELEMENTS

OF COBSMIC DUST PARTICLES

For the purpose of demonstrating the potential of a high resolution velocity vec-
tor analyzer, let us consider the cosmic dust particle that has been recorded
with Pioneer 9 on QOctober 11, 1969. Due to the combined uncértainty of veloc-
ity (18 percent) and angle of incidence (£25 degrees), the perihelion distance of
its orbit can have heen anything between 4.2 x 104 and 9.2 x 10! a.u.® or 0.09
and 196 solar radii, as shown in Figure 10. The question remains unanswered
whether the particle has been ejected from the solar atmosphere (perihelion dis-
tance equal or less than 1 sclar radius) or whether it is a fragment from a col-
lision process that happened in the vicinity of the sun (perihelion distance larger

than 1 solar radijus).

Two calculations can be made to show the improvement possible. In the first
calculation it is assumed that the particle had the nominal velocity, mass, and
angles of incidence as recorded with Pioneer, but the uncertainties were only as
small as those claimed in this paper, %1 percent in velocity and +1 degree in
angle. The range of resulting orbits is shown in Figure 10, too. Possible peri-
helion distances are only from 2.4 to 4.0 solar radii. In the second calculation,
we assume a nominal velocity and a velocity resolution as before and ask for the
angle that would be observed at 1a.u. between the orbits of particles with peri~
helion distances of zero (assuming the solar mass to be concentrated in a point)

s
/
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Figure 10. Possible orbits of a cosmic dust particle recorded with Pioneer 9
(light shaded region)as compared with orbits that could have been recorded
if the new methods would have been available for the Pioneer 9 measurement
(dark shaded region) '
and 1 solar radius. If we take into account only gravitational forces, we find an

| angle of about-10 degrees bétween the two orbits, which can readily be resolved

.w'iéh'the new methods:
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We conclude that with a velocity vector analyzer one would indeed be able to
answer the question on the origin of dust particles coming from the direction of

the sun.

APPLICATION OF THE NEW TECHNIQUES TO SUPPORT

COSMIC DUST COLLECTION EXPERIMENTS

Numerous experiments have been made in the past and are planned in the future
in order to collect cosmic dust particles from space and to bring them into the
laboratory for investigation. Once a collector surface is in the laboratory, a
most time-consuming task is locating particles by means of an optical or elec-
tron microscope. This task would be greatly facilitated if the impact positions
of the particles can be recorded electronically while the collector is being ex~
posed to space. Knowi.ng-not only the location but also the velocity, obliquity,
and time of impact of each particle would be very helpful for the interpretation
of the laborato.ry measurements. This can be achieved by placing a velocity

vector analyzer in front of the collector surface.

COMBINATION OF A VELOCITY VECTOR ANALYZER

WITH A COMPOSITION ANALYZER

Composition analyzers for cosmic dust particles have been described elsewhere.
9, 14, 15, 16, 17 4 composition analyzer is to fly in space for the first time on
the solar probe Helios.? Such an analyzer can readily be placed behind a velocity

vector analyzer. A cosmic dust particle would first pass through the velocity
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vector analyzer. - One would be able to calculate the orbit from the velocity vee-

tor and could, at least in many cases, identify the dust source (comet, asteroid,

‘the moon, the sun, interstellar dust cli)ud, ett:.). Then the particle would enter .

the composition analyzer, “being partly vaporized and ionized and a mass spec- .
trum of the ions would be taken, indicating the particle's co.mposition.' Evalua-
ting the cémposition would result in conclusions on the particle's histbry and.tﬁ.e '
abundance of elements in the source. Sucha pni_vei*sal set of parg.meters of a

cosmic dust partic_ie could never before be measured simultaneously.

Combining composition {such as on Helios) a_md velocity vector analyzers _(such
as on Pioneer 8 and 9 and Apollo 1'7)'has not been ad-vis_able in the past 'because
every dust particle‘ had to penetrate a thin film in order thaf its Velbcity Vecﬁor.
could be measulred. ' The penetration has the followihg acivers‘e effects on é, dust
particle: | |
o Its velocity t‘énds to be diminished
¢ Iis angles of incidence ténd to be altered
. Iﬁs ﬁ}ass teﬁds to be reduced
e It may brgaj{ up into several fragments which Would arrive in the compo-
sition analyzer at differeri’g times, lbrodt-lcmg overlapping mésé specira
e Some mass from tht_a fﬂm tgﬁds to be ejected and tc') hit other parts of
.the detéctpr |
e Its mineralogical structure tendé to bé_;a.ltlered
o lts chemical composition is falsified if the particle picks up material

from the film
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All of these effects can be avoided in future experiments because of the high

transmission coefficient of the velocity vector analyzer.

The front plate of the composition analyzer can be made a two-dimensional
position~sensitive detector with a high resolution as described in reference 16.
Then the second half of the velocity vector analyzer can be omitted resulting in

a large viewing angle and a high transmission.

ON THE SCIENTIFIC IMPORTANCE OF MEASURING CHARGES

OF COSMIC DUST PARTICLES

So far we have considered the fact that cosmic dust particles usually carry an
electric charge only as means to measure the velocity vector. An important
by-product is the measurement of the charge itself. Due o the charge carried
by a very small (£0.1um) cosmic dust particle, its orbit can be disturbed by
the presence of electric or magnetic fields in space.ls: 18, 20, 21, 22 Because
charged dust particles have a large cross section for electrons and protons,
they can be coupled to the solar wind 21, 23, 24 Tngge and other effects could

he studied in situ.

A reason why such studies have only recently become possible is because con-
siderable progress has been made in improving the noise performance of charge
amplifiers. At the same time, the ability to suppress electromagnetic interfer-

ences on a spacecraft has been perfected, which has been a problem in the past.
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DETECTION OF CHARGE SIGNALS IN NOISE
When looking for small signals, one normally sets the _low_es} _t'hresho_l_kd so high
above the noise level that false -alax;fns dlue- to large noise spikés are extremely
seldom {(e.g., iess than 1 per yeér)._ If certain feature’é pf a signal are' knbwn,
however, as 1.n the case of the velocity vector analyzef using the time—of—ﬂightl '
technique, the threshold can be 1oweréd, see e.g.; reference 25. We can de-
sign a velocity vector analyéer based on the time-of-flight technique, as showh
in Figufe 7, followed at distance zc b'y'é. very sensgitive impact'detekctor, such
as a plasma detector with an electron mult.iplie.r for ion or electron détectiori,
'so that virtually all p@r{:icl_és of interest are detected wifh a high level of cénfi—
dence. Then we kr}ow-the, following abogt the signals from the Vélocity vector .
a_nalyzer:l
1. The charge signals ‘(.)‘0(:.1.1_‘I'I'ed shol;tljbef'ore the impact, the time lapse
being_ﬁtc_ = z;/vz. |
. 2. The time intervals between consecutiye ms.x-i;_n_a of .the sigﬁal fr0£n am-
plifier no. 1 are equal, namely Z/v,. |
- 3. All maxima have équal hei’ghts .
4. Between the maxima, the Volfage;always dropg to zer;o.
5. The élopes _of the signals, both rising a.nd fglling are nearly 1inea.17.
6. The signals from the two ampli.fiefs are complementary; i.e., when one
ifs falling, the other is rising, and vice versa, such that the; sum is con-

stant at any ‘instant, as long as the dust particle is inside the velocity
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vector analyzer; in particular, the maxima of one signal coincide Wwith

the minima of the other.

In order to preserve the information that is contained in the signals, they must
be stored continuously, by means of either a delay line or an analog shiff regi-
ster, until the impact detector has confirmed the arrival of a dust particle.
After the particle impact has been detected, the stored analog information must
be digitized and either processed by an on-board computer or transmitted to

ground for later processing.

A gimple mathematical simulation experiment has been made with a desk calcu-
lator, based only on items 1 and 2 above. A noisy signal has been constructed
by adding white noise from tabulated random normal numbers2® to an idealized
signal similar to one from a velocity vector analyzer; see Figure 11 (top). The
ratio between signal amplitude and noise voltage (rms) was chosen to be unity.
Figure 11 (bottom) shows the autocorrelation function of the noisy signal. The
periodicity of the underlying signal becomes apparent. The velocity component
v, can directly be calculated frbm the period of the autocorrelation function. A
similar calculation performed with the signal from amplifier no. 2 can be used
to confirm and to improve the results derived from the first signal. By adding
a third amplifier and four more grids for a redundant measurement, as in the
arrangement of Figure 9, the detection of signals in noise becomes still more

effective. This simulation experiment, although far from being perfect, shows
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Figure 11. A noisy signal constmcted by adding an idéaliﬁéd noiseless signal
to white noise (top). The autocorrelation function of the noisy signal reveals
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the underlying periodicity of the original ‘signal {bottom). .



that much information can be extracted from the signals of the velocity vector
analyzer, even if the signal-to-noise ratio is of the order of unity. We apply
this result to a state-of-the-art charge amplifierll with an equivalent noise
charge of 2.2 x 10-1% As and conclude that one could a,nalyz‘e trajectories of par-

ticles with charges of the order of 2.2 x 10-18 Ag,

RANGE OF MEASURABLE PARTICLE SIZES AND VELOCITIES

Figure 12 shows the range of particle masses m and velocities v measurable
with the HEOS 2 micrometeoroid experiment9 and that of a time-of~flight veloc~
ity vector analyzer. Since the HEOS detector measures the quantity mv3S , the
mass range varies strongly with velocity. As a result, particles having either
small masses and low velocities (e.g., m = 1072 g, v = 2km/s) or large
masses and high velocities (e.g., m = 10'2g, v = 50km/s) fall outside the
measurement range. The velocity vector a.naly‘zer provides a signal amplitude
that is independent of the particle velocity. We choose a range of velocities
from 1 to 80km/s, although the tests have only been performed at a few km/s.
Neither lower nor upper limit is a firm limit but can be extended by adapting
the electronics, the dimensions of the instrument, and/or by relaxing the re~
quirement of a precision of 1 percent in velocity measurement. If our amplifier
has the same dynamic range as that in the HEOS experiment, 1:10,000, we can
measure charges over a range of four decades, e.g., from 6 x 10~!8 As to

6 x 10-14 As. BSince the charge of a particle is proportional to its radius (equa~-

tion 1), we can cover ahout four decades in particlé radius or twelve decades in
o
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Figure 12. Comparison of the ranges of measurement of the HEOS 2 ldetectorg
a.nd the techniques described in this paper. Particle mass m and radius r as
a function of veloclty v, assuming a density p = 1gem™.

particle mass. These ranges of sizes a_nd velocities are much broader than any :

other single detector has covered before.

CONCLUSIONS
~ The ideal detector for cosmic dust particles should measure the velocity vector

- relative to the spacecraft, mass, charge, size, shape, and chemical composition
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of each individual particle. This universal goal has been out of reach with prior
techniques because at least one part of the measurement disturbed another part.
We have come very close to this goal not only because the new methods provide
the first precise measurement of the velocity vector, but also because the de-
termination of orbital elements no longer disturbs a subsequent analysis of the
particle composition. In addition, the new ranges of measurable particle sizes
and velocities are considered to be so broad that virtually all possible cosmic
dust particles fall within these ranges and no instrumental cufoff for some dust
particles should exist any more. [Data that can be obtained with these methods
would certainly be of great value in the task of unravelling the complex prob-

lems of interplanetary and interstellar matter.

ACKNOWLEDGEMENTS

It is a pleasure to thank O. E. Berg for his continuous support and encourage-

ment. H. Wolf of Analytical Mechanhics Associates, Inc., performéd the orbital
calculation of model particles. The National Academy of Sciences provided the

author with a senior resident research associateship.

34



- 10.

11,

REFERENCES

. 0. E. Berg and U. Gerloff, J. Geophys. Res. 75, 6932 (1970)

Q. E. Berg, F. F. Riche,rdson, and H. Burton, "Lunar Ejecta and Mete-
orites Experirrlent” in: Apollo 17: Preliminary Science Report, NASA
SP-330, pp. 16-1 ~ 16-9 (1973) |

0. E. Berg and E. Grun, "Evidence of I—Iyperbohc Cosmic Dust Part1cles”
in: Spa,'ce' Reeearch XIIT, 1047 (1973) | |

H. A. Zeek and O. E. Berg, ”A Source for Hyperbelic Cosmrc Dust _‘Par~

ticles,' Planet. Space Sei. (1974) in print

C. L. Hemenway, D. S. Hallgren andD C. Schmalberger Nature 238,

256 (1972)

S. O. Auer, "Cosmic Dust or Other Similar Outer Space Particles Impact

Location Detector,' U.S. patent no. 3,694,655, filed Dec. 1970
J. W. Rhee, in: The Zodiacal Light and the Interplanetary Medium,
NASA S5P-150, 291 (1967)

R. C. Jemnison and J. A. M. McDonnell, Planet. Space Sci. 12, 627 =

| (1964)

H. Dietzel, G. E-iclrhorn,l H. Fechtig, E. Griin, H. J. ﬁoffmanr_l, and J.
Kissel, J. Physics E: Sei. Instr., 6, 209 (1973)

K. Kandiah, Nucl. Instr. Meth. 95, 289 (1971)

V. Radeka and H. W, Krainer, ”Desig'n Study of a Solid-State Non~

Dispersive X-Ray Spectrometer for a HEAO MISS‘.LOII "a report prepared

- for NASA, Goddard Space FllghtCenter under Contract No. S-50025A (1974)

35



12.

13.

14.

15.

16.

18.

19.

20.

21

22.

23.

24.

D. E. Stilwell, R. M. Joyce, J. H, Trainor, H. D, White, Jr., G.
Streeter, and J. Bernstein, "The Pioneer 10/ 11 and Helios A/B Cosmic
Ray Instruments, ' IEEE Trans. Nucl. Sci., NS22, in preparation (1975)
O. E. Berg, private communication (1973)

S. Auer and K. Sitte, Earth Plan. Sci. L. 4, 178 (1968)

J. F. Friichtenicht, N. L. Roy, and D. G. Becker, in: Evolutionary and
Physical Properties of Meteoroids, NASA SP-319, 299 (1973)

8. O. Auer, "Micrometeoroid Analyzer,” U.8. Patent No. 3,715,590,
filed March 1971

S. O. Auer, "Moving Particle Composition Analyzer," patent pending,
NASA case GSC 11, 889-1, Jan. 1974

S. F. Singer, in: Scientific Uses of Earth Satellites, Univ. of Michigan
press, Ann Arbor, 301 (1956)

L. G. Jacchia, in: The Moon, Meteorites and Comets, Univ. of Chicago
Press, Chicago, 774 (1963)

E. N. Parker, Astroph. J. 139, 951 (1964)

I. 1. Shapiro, D. A. Lautman, and G. Colombo, a paper presented at the
Symposium on Meteor Orbits and Dust, Aug. 9-13, 1965, Cambridge

T. Schmidt and H. Elsasser, in: The Zodiacal Light and the Interplan-
etary Medium, NASA SP-150, 287 (1967)

S. F. Singer, J. Geophys. Res. 67, 3599 (1962)

S. J. Peale, J. Geophys. Res. 71, 911 (1966)

36



25. A. D. Whalen, Detection of Signals in Noige, Academic Press, New York
(1971) .
26. Handbook of Tables for Pfobability and Statistics, ed. W. H. Beyer,

The Chemical Rubber Co., Cleveland, Ohio {1968)

NASA-GsFe

37



