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PREFACE

The ionosphere consists of plasma generated mainly
by the solar radiation. It extends from the altitude
of about several tens to a few thoﬁsands-kilometers
and the importance of its role in éommunication over
long distance on ‘the earth never decreases even today

when the communitation satellites are also put to

practical use. It is still worthwhile for practical

and scientific purpose to make the characteristics of

the ‘ionosphere fully clear. The ionosphere is regarded
as in an equilibrium state between ionization or
excitation of the upper-atmosphere by the solar
radiation and neutralization through various chemical
reactions and dynamics. All parameters in these
complex reactions‘mﬁst be known to understand the

behabiour of the ionosphere.

" Up to this time, the cbndition of the ionosphere
" has been expressed mainly by its measured electron
! ‘ i ‘denéity versus height. Of course, the electron density
has a éimple relation to the reflection of radig wave,
and the most easily measured parameter to express the

condition of the ionosphere. There are many species

«
e B e ensm ¢ bt o e
e e
5
[l
&3

o
|

. 4 B N ‘ A N .
bt s e e v % Z .- W - o . R P . . . T
. .

. ;
.-..,A,._._._____.....1
i



Je .

[PPSOt PRI A PR

T e S 4 i AR T TR AT g T S o S A g i T s S g = A P AT AN e Sy f e meie e s S et e vmem o | 4| e empeearr o e mmcs i e e ST~ N, % S ey e e, < mim ce——

of ions, however, with which electrons have parted, or
neutral gases which are their parents. It may be said
that the knowledge of the composition of the upper-
atmosphere gives us a colorful information in comparison
with electrons.

<

It was difficult to Kknow the complicated composition
of the upper-atmosphere by indirect measurements from
the ground, because of their insensible motions. A
powerful means, namely, the direct measurement by
rocket-borne instruments was found after World»War II.
The mass spectrometry is one of the most effective
method of the direct measurement of the upper-atmospheric
composition.

In this thesié, mass spectrometers used in the
direct measuremeﬁt 6n space vehicles are reviewed in
Chépter I. A new type of mass spectrometer which is
expected to be sgitable for 1qng time flight space
vehicles, is proposed and investigated both theoretically .
and éxperimentally'in Chapter II. Various problems
which are caused by direct measurements in the upper-
atmospheric plasma, and their calibrations are studied
in'Chapter III. An apparétus which has been constructed

for the calibration especially on the mass spectrometry,
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is also introduced in the same chapter. Results of a
rocket-borne experiment of the proposed mass spectromecter
are described in Chapter IV together with the preflight
experiment of the insqrument. Finally in Chapter V,

somé conclusions and fufure prospects of thése studies

are mentioned briefly.
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CHAPTER 1

REVIEWS OF MASS SPECTROMETER

USED IN SPACE VEHICLE



1.1 Introduction

1.1.1 Outline of the Upper-Atmosphere E%%E;Ef%iiz)

Before to mention of the subject, we may describe

the condition of the upper-atmosphere and the reason

—

why we nced so many times of observation as in various

times, seasons or years.

It may bg appfopriate to say that the upper-
atmosﬁhere of the earth.is controlled by the sun, The
circumstance of the uﬁber-atmosphere, therefore, varies
with the condition of the sun such as local time,
season, latitude of an obserV1ng p01nt or activity of
the sun.

The outline of it can be learned by following
various works. Figure 1.1 which is refered to CIRA
(COSPAR International Reference Atmosphere) 1965 modél,
edited by COSPAR (Committee on Space Research), shows
the upper- atmospherlc pressure distribution versus
height. We can know that the pressure of 10 -4 Torr is
at about 100 km, and ordinary measuring techniques of
mass spectrometry in vacuum are applicable in the higher
atmoéphere than this altitude.

The'average temperature. of neutral gas versus

P



Figure 1.1 Upﬁer-atmospheric Pressure versus height.

( after CIRA 1965 )



height is show in Figure 1.2. 1In this figure, the curve
marked as Tm is calculated with regard to the mean
molecular weight at the height and T is not.

The atmosphere in lower altitude region is well
mixedkby wind or convection and it has the same
composition as that of su%face of the earth. Becausc of

less freqﬁent collision among the.atmo$pherie molecules

at the higher altitude, heavy molecules sink and light

ones rise and the mean molecular weight consequently

decreases with increase of height as shown in Figure 1.3

‘This phenomenon which is called diffusive equilibrium

distribution begins at the height of about 100 km.

In the case of assumming neutral gas temperature,

‘calculated ion and electron temperatures versus altitude

are given in Figure 1.4 in both cases of the minimum
sunspot number (a) and the maximum one (b).
| Figure 1.5 shows a height distribution ef

composition of neutral molecules. The proportion of
lighter weight atoms increase with altitude and atomic
oxygen becomesldominant species in higher eltitude than
about 200 km; Atomic oxygen takes the most impertant
role in F 1ayef of the ionosphere.

The upper atmospheric composition in the hlgher

altitude is influenced by temperature that is,

»
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condition of solar activity. Figure 1.6 shows the

calculated concentrations of upper-atmospheric molecules

in three cases assunming different temperature condition,

suggesting the large influence of sun to the earth.

During’the term of active sun, the upper-atmospherec is

héated and expands.
; \

In the same conditions, the ion composition 6f the
upper-atmosphere especiélly in topside ionosphere is
calculated as shown in Figure 1.7. The transition
heights of dominant ion are largel& differenf in these
three cases. And the transition mode also differs so.
that the helium ion can not be dominant at any height
range in tﬁe quiet solar condition.

In lower altitude than about 500 km, that is, in
the ionosphere, they are more complicated. It is well
known that the ionﬁsphere is composed of some layers
which have'specific features respectively. Their
characteristics are predominant not only by the total
elettron density but also by the ion composition.

" The results of direct measurement of ion composition
of E and F regions by rocket borne mass spectrometer are
shown in Figure 1.8, where (a) is of summer midnight and

(b) is of winter morning. Figure 1.9 shows the result.

by Japanese sounding rocket.. From these figures, we can

2
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find out that the dominant.ion is nitric qxide ion or
molecular oxygen ion in the E layer and atomic oxygen
ion in the F layer. Figure 1.10, which is the result
obtained by the same method as Us&d ih Figures 1.8
and 1.9, shows the ion composition in the F layer and
the topside ionosphere.

A Such a fact is also observed by the direct
measurement by rocket borne mass spectrometer that the
sporadic E layer is mainly composed by metal ion such as

sodium, magnesium, alminium, silicon, potasium, calsium,

~ nickel, iron and so on.

In the D layer, hydrated proton ions H(HZO);, and
rather complicated ions are also obéprved. Existence
of considerable amount of negative ions is expected in

this layer.

1.1.2 Methods to Measure the - Upper-Atmosphere
Composition

a. Absdrption of Solar Ultra-Violet Radiation (64) s (69)
The solar radiations ionize or excite the upper-

atmospheric atoms and molecules. In another word; solar

fadiations are absorbed by upper-atmosphere and its |

intensity-decréase gradually with descending altitude.
,) . .

S

LA
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The absorbing cross sections of upper-atmospheric
atoms or molecules for ultra-violet rays at the various
wave lengthes. are well known by laboratory experiments.

Consequently, density distribution of the'upper-

.atmospheric speciesiversus altitude can be obtained by

meaéuring the variation of intensity.of a ultra-violet
r£§ with altitude by meané of the instrument on bcard
rocket, | |

There are variﬁus techniques for this purpose.
For instance, various fllterlng materials such as L1F

Ban, A1203, Ca FZ’ MGFZ permit ultra- -violet rays of

‘longer wave length than their specific cut-off wave

léngthes to pass through. On the other hand, photo-
ionization cross sections of various éases, such as
nitric oxide or inert gases, are generally constant for
considérable broad range of wave length shorter than
ionization threshold. The measﬁrement of adequate range
of wave 1ength'is possible by using a combination of a
filter and a gas ionization chamber. For shorter.wave
length range, some metal films are available as the

window material. In this case photomultiplier,

proportional counter or GM-counter are used as detecters.

- Upper-atmospheric composition measurement by

absorptions of solar ultra-violet rays is useful in the

>

/
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USA., at 10

regions where solar ultra-violet rays are strongly

absorbed, that is, intensity of the rays changes abruptly

with the thickness of the absorbing constituent of the

atmosphere. “According to the fact that the attitude of
ro;kef fefering to the sun affects largely on the
sounding déta, the attitude of rocket should be measured
iﬁ:every instancé. The atitude éontrol to make the
sensor constantiy pqint toward the sun, is desirabié.

"~ Table 1.1 showé.nine ulfra-violet lines which were
observed in the range of 150 to 226 km at White Sands,
h04m, on_Juiy 10, 1963, and their absorption
coefficients to molecule nitrogen, molecule oxygen and
atomic oxygen. Figuré 1.11 shows observed count rate of
304 i versus altitude as a examplp of these measuremenfs._
Number densities of NZ’ O2 and 0 which were calculated
from these‘observation are presénted in Table 1.2.
Figure 1.12. also shows observed hydrogen Lymann - ¢
( 1216 R ) flux which was got at Woomera, Australia,

at 09h12m,von December 6, 1963 and number density of

molecular oxygen calculated from them versus altitude.

b. Air-Glow (70)~/(72)

The brightness of night sky is due rather to

‘radiations of upper-atmosphere than light of stars.

»

~”
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Wavelength |¢(N), 16(02), [0(O), Solar Emission
. (10-18 |(10-28 |(10-18 o
A cm2)| cm2)| cm?2) Identification
1206.5 0 15 0 Si I
1025. 7 0.005, 1.9 0 H Lyman 8
- 977.0 0.9 | 87 | 0 C 1 |
833—835 | ~2 10 3.2 Unresolved blend of
o : O I and O T lines
790.1  |~15 23 - 3.3 | OW
629.7 18 25 12 oV
'584.3 19 22 13 He | res. line
363.1 13 17 10.3 Mg X
303.8 5.0 17 9.8 He | Lyman-«

Table 1.1

Solar ultra-violet lines measured at White

Sands, USA. at

( after Hall ct al. )

10

18

h

04™, July 10, 1963,

and their absorption coefficients.
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Altitude, Particle Number Densities,
) 10 particles/cm3
(km) N, | s | o
150 21 : 91 3.3
.; 160 12 13 21
' 170 7.0 7.8 1.2
- 180 4.5 5.8 0.77
190 ‘ 3.0 4.5 . 0. 48
- 200 2.0 3.5 0:30
210 1.3 2.8 0.19
220 0.8 2.2 0.11

2 O2 and O
| according to the result of the experiment

Table 1.2 Calculated number density of N

of Table 1.1. ( after Hall et al. )

20
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These radiations are excited in both night and day.
They are called night-air—glow and day air-glow
respectively.

It is considered that the genceration of the air-
glow is caused by

(1) scatter of solar radiation in the upper-
atmosphere, | | |
(2) radiatioﬁ from fhe afmosphere which is excited
' or ionized by soiar ultra-violet and X rays,
[3) radiation with chemical recactions in the upper-
atmosphere,
(4) radiation from the atmosphere excited by cosmic .
ray or high encrgy particle.
(1) and (2) are mainly for day air-glow. ALymann - is
scattered by geocorona also in' night.

The spectra of airfglbw are composed of specific
wave 1engths for molecules or atoms of the upper-
atmpsphere{ By observing the height distribution of the
air;glow,‘therefore, the composition of the upper-
atmosphere can be observed. |

Combinations of a filter and a photomultiplier aré

used for instruments of this purpose. Various materials

are used for photo-cathode according to the wave length

range of the observing radiation.

»

’ L : -
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The measurement of day air-glow must avoid the
strong solar radiation. On the other hand, most of

night air-glow are such weak as it is difficult to

- detect itself or to discriminate from star light,

zodiacal 1light or albedo from the earth.

The‘iight intensity which is measurcd by sensor of
rocket borne airlglow detector changes with atitude or
spin of rocket,’because the appareht thickness of
radiation layer of éir-glow changes with directiQn of
measurement, especially when rocket passes through the
layer. It is, therefofe, important to identify the
aﬂitudé of rocket and desiréble to controle it.

The important éir~glows measured by roékcts are
5577 K (atomic oxygen) 6300 K (atomic oxygen)

5893 R (sodium) 2150 Z (Y-bands of nitric oxygen)
3914 X (Ist negative bands of molecular nitrogen ién)
2500 A (Schumann-Runge bands of molecule oxygen).

o
Figure 1.13 shows intensity of 3914 A versus

altitude which is obserbed at Wallops, USA., at 16h11m

“on March 11, 1963. Height distribution of number

density of molecular nitrogen ion calculated from

Figure 1.13 is shown in Figure 1.14. At the same time,
o] : .

6300 A of atomic oxygen was observed as Figure 1.1S5.

Figure 1;16 shows ¥"-bands spectrum of nitric oxygen

23
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Figuré 1.16 ¥ band spectrum of nitric oxygen air-glow
observed at 146 km height by ultra-violet.
sweep spectroscope with its theoretical
spectrum of upper half of the figure and

. - curves in the figures arc nonlinear
. characteristics of the instrument.

( after Barth )
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which was observed at 146 km height by ultra-violet
sweep spectroscbpe in the wave length from 1500 X to
3200-2, with its theoretical spectrum of upper half of
this figure. The curves in the figure means non-linear
characteristidés of thé instrument. This rocket was
controlled in ité attitude as poihting to zenith dufing

ascent and to horizon during descent.

c. Chemical Release (73jn«(74)

In this method, the sodium vapour experiment is
well known. This experiment, however, is for measurement -
of the wind and-temperature in the range of 90 to 160 km,
by observing the movement of strong D-line resonance
radiation of sodium atoms from sun-shined sodium vapour
cloud ejected into twilight upper-atmosphere from
rocket.

Similar to this metho&, height distributions of
some constituents of the upper-atmosphere are able to
detect by ejecting some specific gases such as ethylene, -
acethylene or nitric oxide which emit the light of
specific wave length.as a result of chemical reaction
with some constituent of the upﬁer-atmosphere. The

ground observations at plural points of trajectory of

the intensity of the chemical radiation give the density
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profile of the eomponent of the upper-atmosphere. ~Thrs
method needs some aé@mptions and idealized model of the
upper-atmosphere in;the analysis of inteneity of the
radiation.

The ground observation is affected by_weather end
tends te have error.  It is, however, a great merit that
the payload of recket is composed only of a gas container, -
a special nozzle and a valve controlled by timer.

For example, nitric oxide gas is used to measurc

atomic oxygen. The chemical reaction is
NO + 0 —»> NO2 + hy

Intensity of the radiation is such strong as the
obéervation by’photograph is possible in the regioﬁ of
existence of plentiful amount of atomic oxygen.

Table 1.3 shows parameters of a series of experlment
with nitric oxide and the results are compared w1th data

of mass spectrometer in Figure 1.17, normalizing at 120

km height.

d. Mass Spectrometry.(121)nu(123)
| Mass spectrometer is the most powerful 1nstrument
not only for thin gas analyser, but also as analyser of

11qu1d and even that of 5011d Varlous types of mass

»

o
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Launch Time %{talrt of 1§$lgas§ Latitude Longitude! Payload 1’)I‘::mk
Name | Release | Altttude | (garty | (Start) | (net) [T (eC)”
T,CST Launch (km) (deg) (deg) (kg) (atm)
Mabel | 18h 00m 00s, 84.8 92.3 30.180 | 86.609 | 10. 89 100
Nov, 27,1962
Dinah | 22h 45m 00s, 80.7 90.0 30.130 | 86.686 | 11.34 100
. Dec. 3,1962
Eva 04h 21m 00s, 79.2 88.6 30. 228 86.620 10.91 100
Dec, 6,1962 '

Table 1.3 Parameters of a series of chemical release

experiments with nitric oxide.

( after Golomb et al. )
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Figure 1.17 Nitric oxide concentration by chemical

release experiments, compaired with mass
spectrometric results.

( after Golomb et al. )
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spectrometer arc used in laboratory experiments. Mass

spectrometers analyzeg the charge-mass ratio after
ionizing the material to be analyzed by various method.
Maés spectrometers makep it possible to learn the wide
mass range composition with one scanning spectrunm.

When massAspectromcter is applied to measure the -
upper-étmospheric composition, it will brihg more
reliable information than other methods which have been
degcribed previously. Tﬁe space use of mass spectrometer,
however, contains many difficult technical problems.

Spéce use instruments are commonly required its light
weight, small sized, mechanical and thermal strength,
stable and accurate operation,’econpmical power
consumption, and adaptable and reliable data to
telemetering systems.

Besides these, high response and high sensitivity
aréngenerally fequired because‘the measuring object |
chahges rapidly due'to the high velocity of vehicle and
the.density of the surrounding plasma is low, respectively.

| However excellent, therefore, it may be inllaborapory,
it does not netessariiy mean suitable for space use.

There are few which are adequate to space use among

~various type of mass spectrometer. Moreover, because

they have individual merits and demerits, they may be

,'\
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avﬁilabie in the respective case with suitable conditions
such as in height range, mass range, sort of measuring
objeéts or available vehicle. ‘Details of their |
characteristics are discﬁssed in folldwing.

There are someiproblems of sﬁace use of mass
spectrometer, in spite of its many éxééllence on
mEESUring the upﬁer-atmoépheric compositidn. Direct
measurement meaﬂs that the upper-atmosphere or the
ionospheric plaﬁma is intruded by space vehicle as a
impurity. The impurity runs with high velocity
comparable or larger tﬁan ions or gases of environs.
Conééquently, the environment surrounding the space
vehicle may differ from the original condition as it
wasjand the instruments on the vehicle may giveg wrong:
results. Probléms caused by these situations will be

investigated in later.

1.2 Static Mass Spectrometer

1.2.1 Deflection Type (21)~(28), (75}~ (78), (87)~(90)

This type.of’méss spectrdmeter analyses ions with
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Lorentz force which charged particles running in the

‘electric or magnetic field experience. The electric

analyser, however, is used as velocity or energy analyser.

The magnetic analyser which is used ‘as a mass spectrometer,

_ istsuaily called as magnetic sector type mass spectfometér.

I% has the longést history of mass spectromcters and it
| § .

i's the most reliable and precise mass spectrometer still
today. -

Figure 1.18 is a schematic picture of motion of
charged particle travelling in transverse magnetic field,
which expressés the principle of magnetic sector type"
mass spectrométer. A charged particle of mass number

M and velocity v, is deflected along a circle of radius

of curvature r, under magnetic field B. This relation

~is expressed as

M=>=38, . (1.1)

where e : charge unit,

- mp: mass of a proton,
or | M ; e r BZ (1.2 )
: » ‘ ZmPV : '

" where V : accelerating voltage.

It is seen from Equation ( 1.2 ) that heavier ions

>

’/



P
P
‘ 0 = source
i A = magnet
i C = collector
-5 = entrance slit
; Sp= exit slif
|
: i

-

"Figure 1.18 Schematic picture of principle of magnetic

sector type mass spectrometer.
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have larger radius and 1ighﬁ#iqns have smaller radius in
the same condition of V and B. Thus, when V or ﬁ is

wept in its magnitude, the ions 6f'diffefcnt mass are
focused on the collector through narrow slit successiveiy
from lighter to heavier or vice versa and a mass spectrun
is éotten as a magnitude of ion current versus voitage
o?‘magnetic fiela, that corresponds to the mass number.
Magnetic field écanning is commonly adopted especiélly
for high resolufion-mass spectrometers becausc it is
advantageous in mass discrimination and others. For
space‘ﬁsé, however, itnis not suitable, because the
electromagnet is heavy weight and needs'plenty of

electric power. The magnetic sector type of mass

spectrometer on board space vchicle, therefore, uses

permanent magnet and scans its accelerating voltage for
getting mass spectra of the upper-atmospheric composition.

Merits of magnetic sector type of mass spectrometer

as space use are that:

1. electronic circuit is simple and easy,

2. power consumption is little,

3. operation is stable and reliable..

On the other hand its shortcomings are that:

1. rather heavy in weight because of usege of magnet,

N

~”
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2. precise mechanical alignment is necessary,

3. careful magnetic shielding is required because
geomagnetic field is sometimesusedAfor thev
determination of vehicle eﬁitude by means of the
geomagnetic aspectmeter in the'same'vehicle.'

Figure 1.19 is a example of schematic diagram of
rocket borne magnetic deflection type mass sbectromcter.
In this experiment, two different mass spectrometers were ;
borne as seen in this flgure. One is a single focussing
type on the right hand and the other is double focussing
type on the left. Double focussing type mass spectrometer
employs both of electric and magnetic sector. The part
of electric sector works as energy analyser and

eliminates velocity aberration of the ion bean. Thus,

the total performance as a mass spectrometer is improved,

In this case, a sputter ion vacuum pump is employed to
prevent from the dispersion of ion -beam by collision
withgresidual gas particles.

'iFigure 1.20 is schematic drawing of more simplified
ddub?e focussing magnetic sector type mass spectrometer
for satellite. .In this case, multiple composition can
be deteeted whereas neither magnetic field nor
accelerating voltage is scanned. The ions come into the

electric sector through a Sllt where they are refined
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Schematic diagram of a example of rocket
borne magnetic sector type mass spectrometeré
put in rocket body, left hand is double
focussing'éndbright hand is single focussing

type.  ( after Nier )
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Figure 1.20 Schematic drawing of simplified double
’ focussing magnetic sector type mass
spectrometer for satellites.

( after Spencer et al. )

-39



with jits energy and then into the magnetic sector where
they are sorted according to mass and measured by various
collectors corresponding to mass numbers. These

collectors are prepared for gas species expected its

exsistence in the upper-atmosphere, and arranged at

appropriate positions where these ions must strike with
1 \ » -

i . .
calculating their 1locus.

1.2.2 Time-of Flight Type (87)~(90), (140)

Although»thsre may be opinions that time of flight
type mass spectrometef is a dynamic mass»spectrometer,
it is classified here as a static mass spectrometer.
Because in the dynamic mass spectrometer, some dfnamic
force should be apblied on a particle in the analysing
space; vIn this type of mass specfrometer, no dynamic
force will be applied. |

The principle of mass analysis of this type is'that

the velocity of Charged'particle accelerated by voltage

is inversely propotional to square root of its mass,

- and the time of flight along a constant distance of the

analyzed particle will be different according to .its

'mass. There are some modified types. .

]

/
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Figure 1.21 shows a schematic picture of puised
beam time of flight type mass spectrometer for spdce use.
The operating printible can be easily understood with
fhis figure. The ions which are produced by electron
bombardment are pulsiyely.ejected by the accelerating
voltage V into driftuépage of the léngth L. Time t

which is taken to traverse the drift space by ion of

mass number M is

o
f
i

L Mm
t=2=1[ P (1.3)
v 2e 'V ‘
where- v ¢ velocity of thg ion,
mp : mass of proton,
M : mass number.
Then, collector ion current versus time delay from the
time of ejection at the entrance of drift space to the
timg of reachiﬁg to the collector gives a mass spectrum
of #he ioﬁs. |
| Aé this type of mass spectrometer has a good
tfanéparence of ion and high response, it is suitable
to measure the phenomenon which changes rapidly or
occurs ﬁuddenly. These are the capabilities which are
fequiréd to the mass spectrdmeter to measure the upper-

atmospheric composition.

>
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Many difficult problems, however, lie- in front of
achievement of 'space use of time of flight type mass
spectrometer. It needs a considerably long drift tube

to achieve sufficient resolution, that is to make large

‘time difference between successive ion components.

Pa&load of space vehicle, however, must be small in

volume.
. Another difficulty is that telemeter of space
Vehicle ordinarily has ﬁoor response. The ions Tun
very fast and it is difficult to make time lag of them
ffom departure at ion source to afriva} at collecfor
longer than ten micro-second. The telemeter can not
transmit those signals as full mass spectrum. Thus; as

shown in Figure 1,21, muitiple anodes with respective

gates are used. By putting the start pulse into delay

circuit which can make multiple delayed pulse, gates

can successively be opened to the expected ions of

different mass at the appropriate lag time which

'

correspond to their arrival time by respective gating

‘pulse and detected by collectors.

1.2.3 Ion Trap (79)~’/(85)

v'Thé thermal Vélocities of thg'upper-atmospheric

»

/
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ions are smaller than velqcity 6f satcllite and
comparable or rather small with the maximum velocity of
sounding rocket. Therefore, the direct méasuremcnts of
ion denéity with'véhicle are largely affected by the
veio;ity and féduction of measured data is complicated.

Though the ion trap is an instrument to improve
these effects, simple composition of ion can be measured
up;lizing the vehicle velocity with it. As seen in
Fiéure 1.22, a ion trap consists of two grids and a
cdllector in a shape of plane or sphere.

The gradient of characteristic curve of colléctor
current versus retarding voltage appiied to the grid Gl’
is inversely proportional fo mass of ion, when the |

vehicle velocity is larger enough than thermal veloéity

of ions

a1 0 - NeZp
dav Mmpv

(1.4)

where o : transparency of grids,
‘ N : number density of ions,
A : surface area of collector,
'MV: mass number of ibns,
'v':bvelocity of vehicle,

.I : collector current,

44



: s
| i
| |
i !
< :
| - s ;
i i
. | |
R , !
! i
2, : i
: —_—— i
P e e m e m e — - = - i
? :
| z
5 i
! H
! i
i i
| |
| t
| 8
|- :
| ¢ 4 ) g
= G |
s C G2 1 ;
i

Figure 1.22 Schematic diagrams of planer and spherical ion traps.



- g

Vo retarding,voltage'of-él,
mp: mass of proton.

On the other hand, the retarding voltage which

prevents the ions from éttaining to the collecter is

proportional to mass of ion

8V = Ly m v2 - ¢ 1.5 )
2 P

If only two species of ions exist in the upper-
atﬁosphere and mass difference of them is large enough,
collector curfent characteristics versus retarding
voltage has two gradient and a step appears between them.
According to the Equations (1.4) and (1.5), mass of the
ions can be calculated by the.gradients and the voltages
at whichlthe ions are stopped, and the ratio of number
dencityvof chese two ions is estimated by the ion
current af the step of characteristic curve.

The thécretically expected characteristic curves
are shown in Figure 1.23 in the case of helium ion and
atomic oxygen ion, and in Figure 1.24 of atoﬁic hydrogen
icn'and helium ion. These characteristic curves are
illustrated in various case of ratio of the icns.

As described above, the ion trap works as a simple

mass spectrometery however it is difficult to analyze

ions. in the case that multiple ions exist or mass number
P
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Figure 1.23

Theoretically expected characteristic
curves of ion trap, in the case of helium
ion and atomic oxygen ion.

( after Boudeau et al. )
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of ions is close. Morcover, it is not so easy to analyze
data gotten from experiment even in the case of simple

composition of ions as éxpectéd theoretically. Accuracy
and reliability of measured data can not be evaluated as
regulaf mass spectrometer. Ion trap was uscd as a simplé

mass spectrometer in Ariel satellite of the United

Kingdom.

1.3 Dynamic Mass Spectromecter

. , (29)~(52), (87)~(101),

1.3.1 Radio Frequency Type (121)AJ(126) !
There are various types of mass spectrometer which
analyze ions by means of radio frequency field. Most of

them utilize the exchange of energy between radio

'frequency field and ions passing through the field.

Among these mass spectrometers, Bennett type mass

‘spectrometer has been frequently used for space

observation. Bennett type of mass spectrometer is a

- sort of linear accelerator and its principle is a

combinatioﬁ of energy exchange c¢ffect between RF-field

and ions, with time of flight effect.

.

,/
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Figure 1.25 is a schemafic diagrém to explain the
'operafing principle of Bennett type mass spectrometer.
Radio frequency voltageAis applicd to the center grid
refering to the both side grids of cach triplet. Ions
are accelerated by voltage and reached fo the grids fron
left hand of this figure. Assuming that any change of
ion velocity affected by RF-field is smaller cnough than
1ts mean veloc1ty, the encrgy that the ion gets from

RF field during pasglng through the trlple grids, is given

as

. oy K 254; |
AW =v | srf{j‘51n&nt+6)dt -ﬁ[ 51n&pt+9)dt} ]
. o

7
2e V
. - 'rf Sw S w
= —5p (cos == - 1) cos( X +0) (1.6)
~ i
where v .t mean velocity of ion,

Vrf': peak value of RF voltage,

s ! spacing between the adjacent grids of

I triplet,

w : angular frequency of RF voltage ( = 2mf ),
- 8 : phase of RF voltage at the instance that

the ion reaches the first grid of triplet.

‘When RF voltage Vrf’ frequency f, and grid space s are

fixed, AW is function of v and® . Therefore, the

2
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maximum of AW is obtained from Equation (1.6) as follows:

2e V

" T _ rf . . s '
Awmax = —-———S——u-j-— ( 1 CcoSs '—\—,—c')- ) ( 1.7 )
v, :
wherc
S W ~ . -
v + 6°~7L ( 1.8)
o] o
from
26
and
S . SW S
~—~— sin —— + cos =——&— = 1 . (1.9)
-V, v, v,
from
a_(é_lv._)__ = 0
8 v

From Equation (1.8) and (1.9), we obtain

SW o~ 2,33, 60':/_ 0.81 (1.10 )

where v, i mean velocity of the ion that the energy is

given as AW that is, of the ion that

max’
satisfies optimum condition,

: phase of RF voltage at the instance that
the ion of'optimum condition reaches the

first grid of triplet.
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Provided that DC inverse vqltqge is superposed so
as to deprive the cnergy of ions given in Equation (1.7),
ions under optimum condition have the constant velocity
of v, at an eﬁtraﬁce and an exit of the triplet and the

remainihg ions are retarded. The DC bias voltage Vb is

estimated as

} S
2 (1 cos =~ )

= 0 o~
vy, — Vet 145 V ( 1.11)

; S

Practically, as sHown_in Figure (1.25), the energy
transfer repeats a few times and a equ{potential drift
space of which transit angles of ions under the optimum
condition to the RF-field are11x2ﬂ; is inserted among

these encergy transfer regions. Length of the drift

space is shown as

. Vo :
o d=n-2 - 25 , ( 1.12 )
. f _ B
whefe n : integer.

Cénsequently, in this system, ions satisfying the optimum
condition at the first stage keep the same condition at
the succesive stages and the other ions are retarded
more and more. ‘ |

Finally, if a grid is held to the retarding

g
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potential.Vf which allows only ions under the optimum’
condition to pass through, these ions can reach the

collector and others are driven back. Vr can be given

as
Vo= NX1.45 X V. o XK ( 1.13 )

where N : number of stages,

X : positive parameter less than unity which
determins resolution of the mass
spectrometer and is also related to
sensitivity of it.

The potential V which acéelerates.ions to the
velocity Vs is given as
eV = Lynpyv?2 O (1.14)
: 2 p o
.From Equétion (1.10) and (1.14), we obtéin the mass
number M, of the ions under optimum condition is
calculated as

0.2636 V (volts).

Mo~ ( 1.15 )
s? (em) £2 (M H,) |

Accordingly,-the relative abundance of ions with
diffefen; masses can be obtained by varying V or f.

>
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V is gencrally swept from a technical reason in the case

of space use.

The shoftcomings of the Bennett type mass spectrometer
for space use are that any focussing force does not affect
on ions, thus, analysis as to'rédial motion of ions is
impossible and because of using 1arge.number of grids,
the transparency of ions becomes worse especially of the
active ions such as atomic oxygen.

f On the other hand, thls type of mass spectrometer
satlsfles almost all technlcal merlt for space use.

. Figure 1.26 shows a rocket borne five stage Bennctt

type mass spectrometer of Japan.

(53)~/(63), (87)~(90),

1.3.2 Quadrupole Field Type (102)~ (109), (121)~ (123)

. About tweﬁty years ago, it was discovered in
Brookhaven_National Laboratory that proton.beam was
stfongly focussed by alternative magnetic field intensity
6fvwhich is rather weak than in the case of uniform ;=
macnetic field. Saeince that time, fhis phenomenon has
been studled as a lens effect of charged partlcle,

espec1a11y electron focu551ng problem in space charge

-effect dominant field.
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Figure 1.26 Photograph of rocket borne five stage

Bennett type mass spectrometer of Japan.
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On the other hand, Paul et al. proposcd a mass.
filter with this princifle, so called as Pauls
Massenfilfer or Quadrupble Type mass spectrometer. This
is composed of four poles parallel to the ion beam shown
in Figure 1.27 as cross sectional schematic view. Their

curvature are hyperbola shown as
T v o (1.16 )

i

The opposite pairs of electrodes arec connected together.
When one pair is applied with voltage which is superposed

direct voltage VdC and ratio frequency voltage Vrfcoswt

q5=vdc+v'rf coswt o (1.17)
and the other is applied with
- ¢)é - ('Vdc + Vrf coswt ) ( 1.18)

the electric fields in the space among the four rods

separated by 2ro are

E._ = - ( VdC + VrfCo§u>t ) — (1.20)
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Firgure 1.27 Cross sectional schematic view of

quadrupole.
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. . 2y A
E_ = (-Vdc +»Vrfcosg>t ) ——;' (1.21)

T
o)

Therefore, the cquations of motion of charged particle

in the field are following as

‘ d” x 2 e
Mm + — (V + V_coswt ) x =0
4 tz i 2 ~dc Tf :
o ( 1.22)
d2 2 e
M m . - —~; ( Vd + Vrfcosa>t ) y=0
dt Ty ( 1.23)
d2 z .
Mm = 0 , : (1.24)
P 2 ' S
d t
. : ‘ wt
They are rewritten with T =—— as following :
: a® x 8 e )
+ (v + V_.cos2T x =20
dT2 Mm.T 2(.02 ac T
po ‘ ' ( 1.25 )
d2 y 8 e
- (v + V_.cos2T ) y = 0
2 2 . dc rfT

( 1.26 )
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= .0 ( 1.27 ) |
Equations (1.25), (1.26) are the form of Mathieu's

differential équation defined as

d2 X

+ (a+ 2q cos2T ) X =0 ( 1.28)

4 T2

. Solutions of the Mathieu's differential equation are,

as well known, stable or unstable according to the value
of parametérs a and q.

Therefore ions which are ejected into the space
among these poles;-travel with constant velocity in z
derection and focus into or diverge from center of the

space as respective condition given in following

. "¢ Ve - 1.29
i a 2 2 ( . )
mpro w M
4 eV : :
_ rf
. q — > Q)Z ” C(1.30 )
p o

Ions under the focussing condition can reach collector
of the mass spectrometer.
 The stable and unstable condition with a and q are

shown in Figure 1.28, From.Equation.(l.ZQ) and (1.30),
. I ) .
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and Figufc 1.28, it is recognized that the straight line

‘given as

— = b . k ( constant ) ( 1.31)

2 q fo - .
érosses the staﬁle region and the shorter the straight
fzhe in the stable region gives the higher the‘resolution
of the mass spéctrometer.' In condition of k2 0.167
the line touches the apex point,of stable triangle and

no ion can reach to the collector at the larger value of

~ k than 0.167 .

In order to use as a mass spectrometer which covers

wide mass range, it is apparent from Equation (1.29),(1;30)

~and (1.31) and Figure 1.28 that Vdc and Vrf must be

varied in.widc range while the relation between VdC and
Vrf Qf Equation (1.31) is.sustained.

There are two difficulties to adopt mass spectrometer
of this type as space use. One is that the electronic
circuit must supply VdC and Vrf in.wide range, maximum

value of Vrf is usually required about 500 volt and ratio

of Vy. / Vg should not change in whole of swept range

"because the fluctuation causes directly changes of

sensitivity and resolution of the mass spectrometer.
The other is that the sensor must be constructed very

»

e
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precisely parallel without any distortion and twist,
These difficulties are serious probicms for space purpose

which requires small power consumption, stable operation

~and mechanical strength.

In recently, however, in spite of these difficulty;

i
i
i

Wany space scientists h?ve come to adopt this type of mass
§pectrometer; In Japan, we also use it for observation
of ion composition df‘tﬁe_lower ionosphere and observation
neutral composition of the upper-atmoéphgre.

One of the demerit of this type as a mass

spectrometer is that pattern coefficient of the mass

- spectrum varies with change of k factor defined in

Equation (1.31), that is with its resolution. To improve

this phenomenon, some techniques are applied, for
example, superposing constant bias voltage on Vdc'
Practicaliy, duc to a difficulty to make polés which
have hyperbolic surface, columns. are used as shown in |
Figure 1.29, When the diameter of these‘columns is
selected in proper to thgir distances, electric field

~

in the space among the poles in which ions travel is not

. so different from the case of hyperbolic surface as it

gives serious effect on ion motion. Moreover, to avoid
difficulty of setting of poles, circular concave

electrodes are developed which is able to make from one

2

N
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Figure 1.29 Cross sectional schematic diagranm

" of conventional quadrupole.
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column énd does not néed troubles of setting up, and we
adopted this type for space cxperiment mentioned above.

) There are some typc of mass spectrometer using
simiiar principle. The one is called monopole mass .
spectrometer as shown in Figure 1.30. This has some.
merits éomparring to quadrupole type. For example, it
%%,not.necessar§ to maintain the ratio Vdc / Vrf so
restrict as thé case of quédrupole type. Severe
restriction of injéction angle of ion is a diffiéalty
of this type, especially for space use. Reccnfly,

- however, it begins tonbe used for rocket borne mass
spectrometer.

Another type, socalled mini Q, has three dimensional
feature as shown in Figure 1.31. It is also consideréd
as a sort of resonant type. The distinctive feature of
this type is that ions under resonant condition are
trapped for long time while the others are eliminated out
of the field. Though it has only shbrt history, it will
have many applications in many fields, of course also in

.

space.

1.3.3 Resonant Type (86)~s(90), (121)As (123)

MahY-types of resonance of charged particle are

>
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Figure 1.30 Cross sectional schematic diagram

of monopole mass spectrometer.

66 |



o 1 |

o |

1 SRy xy-plane o

| - EN Hi SR DT B

. : ST Tl : ;
o U-Yeosuwyt] "“’J‘“i:r’_”' oS ;

t Electrons . |

Figure 1.31 Cross sectional schematic diagram

of mini - Q.



PR E . r . - -
. .

considercd and there are many types Qf mass spectrometer
using th¢se resonance. A mass spectrometer using the
ion cyclotron resonant_phenomenon has been used éé a
rocket born payload., This is called»”.omggatron " and
its schematic illustration is shown in Figure 1.32.

% The operating.principle is the same as cyclotron

1

accelerator. Ions made by clectron bombardment in an

analysing space are oscillated by radio frequéncy field

applied to the walls of the analyser, which are parallel
to magnetiétfield B. The motion of ions of mass number

M, which satisfy the cyclotton resonant condition in the

-magnetic field B with angular frequency of applied RF - -

, voltagetA)C, is described as

—_— =<,(>. = 2 £ . ( 1.32)

synchronize with RF-field, and the ions gain energy from
it. Consequently, the radius ‘of oscillation of the ions

teno
grows up an%Acollide against the collector. fc of

'Equation (1.32) is called as ion cyclotron frequency of

ion of mass number M in magnetic field B.

As seeh frqm Equation (1.32), the frequency'pf_RF
vbltage’must be swépt for sqanﬁing mass range. Although
it_is'vgry diffiCult_to generate RF voltage with a flat

. ). ~

i

’
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Schematic diagram of principlc of omegatron.

Figure 1.32

1 ,m . .,




voltage characteristics covering widely swept frequency

.range, the characteristics of the omegatron mass -

spectrometer depend largely on its voltage value or
fluctuation. It is the merit of this type of mass
spectrometer for space use that ions are made in its

analyzing space and the ambiguities in the ion source

can be neglected.

(87)~~(90),

1.4 Discussion (121)~/(123)

Mass spectrometers which have been used in direct
measurement of the upper-atmosphere composition are
reviewed as above. They have respective characteristics

and it is difficult to say, in short, which is the most

- suitable for our purpose. Among mass spectrometers

deécribed above, some of them are not frequently used
beéause of their shortcomings which are .serious obstacle
for space application.

Then, the characteristics of magnetic sector type,

Bennett type and quadrupole .type are briefly compared

and discussed from the point of view of space use.

~ The sensor of quadrupole type is the lightest and
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smallest, while the magnetic sector. type is the heaviest
due to its permanent magnet.

As for a sensitivity, Bennett type has rather high

- characteristics. Though transparency of Bennett type is

" worse, area of inlet has no limit. On the other hand,

the orifice bquuadruﬁole type and‘magnctic sector type
must be narrow to get e;cellent characteristics,.
especially in resolutioh.A Grids of Bennett type disturb
the ion motion and they are particularly undesirable to
measure active species. |

| Magnetic'sectbr type has the simplest elcctronié
circuit and is smallest power consumption while
quadrupole type is the worst case 6n these points.
Siability and reliability of operation which are important
for long term measurement such as a satellite observation
are related to the.complexity of electronic circuit.»

An undesirable appearance of pseudo spectrum by

the harmonic relation of the .applied RF voltage is the

most important problem of Bennett type.

‘Wide dynamic range is requiered in space observation,
so it is desirable that the sensitivity and resolution
can be adjusted in a sensor with some electronic

techniques. Operation mode of mass spectrometer on a

'satellite must be selected by command system, because

2



the conditions of objccts-éf measurement changc widely
with timé, déy, season, altifudé of vehicle or iatitudé
of the earth. |

Bennett type is weékiy affected by its attitude

compared with other type because of its large CToss

section of becam. Velocity of vehicle gives different

‘effect on them, that is, mass scale moves in magnetic

sector type, while resolution becomes worse in
i N . .

_quhdrupole type. In Bennett type, the both effects will

appear in the same time.

It is impossible to decide the most excelleﬁt'one..
In earlier eravof space observation, Bennett type was
the most popular mass spectrometer on space Vehicle;
and‘recently quadrupole type is frequently employed getting
over technical difficulty. In future, quadrﬁpolc type
will be more frequently used, but the merit of Bennett

type that it does not need an electron multiplier, must

 not be forgotten.

And for satellite, the stability of operation,

Y

simplicity of circuit and small power consumption of

magnet sector type are important, though it can not

electronically change its resolution and sensitivity.

It is desirable in satellite observation to control

resolution and sensitivity at the analyser with command

»
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from the eafth. A mass spectrometer which has such
charaeteristics as required above is déveloped as
descriﬁed later.

We are.carrxing out the direct meésuremcnt of the
uﬁper-atmospheric composition. The Beﬁneft type mass
épectrometer without clectron multiplier is used to
Aeasure the ion composiiion of E and F layer of the
ibnosphere by Kappa - oM rocket, the quadrupole mass
spectrometer is used fbr_measurement of ion composition
of the lower ionosphere and neutral composition and a
new type of mass spectrometer will be used for topC}ide

of the ionosphere and satellite.
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CHAPTER 2
© MASS SPECTROMETER USING

<

SPATIALLY PERIODIC STATIC FIELD
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2.1 Introduction

Various types of mass spectrometers are used for
direct measSurement of the ﬁpper-atmosphere. Beéides
general qualifications_which are commonly réquired-to
instruments for space use, the mass spectromctcr for
this purpose is.required with'high'reéponse
gharacteristics, high sensitivity and wide dynamic range,
i# consequence of its measuring object which covers
various sorts of masses. A suitable type of mass
sbectrometer, therefore, will be adopted for resbective

purpose, such as altitude range, sorts of vehicle,

.objeCt and so on.

For a long time experiment, that is on a satellite,
the most importanf conditions are high reliability and
stability of instruments and small power consumption.
High reliability depends directly on the simp}icity'of
electronic'circuit. The simple electronic circuit
geﬁeraliy consﬁmessmall electric power. Static mass
§pettrometer, especially magnetic sector type satisfies
these conditions. However, it cannot electronically

control the resolution and sensitivity but mechanically.

The electronic control of resdlution at sensor with

command signal from the earth is necessary to choose the

N
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most suitable operating condition at the position where
satellite is running and to get wide dynamic range of
the expérimént.

To develop a mass spectrometer for satellite which
has such characteristics as simple electronic circuit
like as magnetic sector type and as changable resolution
with eleétronic methods, we had éurveyed motions of
Charged particles in periodic fields and proposed avnew
t;pe of mass spectrometer of a ;onfiguration which is
superposed quadrupole spétially periodic magneticvfield

and quadrupole electric field. According to the results,

we made the mass spectrometer and tried to use in

laboratory and in space.

2.2 Motion of Charged Particles Passing Through

Spatially Periodic Static Fields

S (110), (111),

(114) ~(116),
- : ‘ (128)~(132)
2.2,1 Axially Symmetric Periodic Magnetic Field

At first, the case of an axially symmetric periodic

“magnetic field as shown in Figure 2.1 is investigated.

It is assumed here that : axial velocity of charged

»

,I
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_Figure 2.1

Schematic illustration of arrangement of

axially symmetric periodic magnetic field.

78



Lo .

particles is constant and a distance of a period of

motion of charged particles along the axis is larger

~than diameter of the bean.

Assuming the magnetic field change as sinusoidal

in z direction, it might be given as

B, = Bocos kz » _ ( 2’1,)

wvhere B : magnetic field of peak value that is at
|

magnetic pole,
k ZTE{Q ({ : length of a périod of the
‘v magnetic field ),
z : axial distance.
The‘equation of motion of a charged particle in
cylindrical coordinate is shown as |

ar do 2} e
mM{—— - r(—) t= er — B_ - eE (2.2)
P at2 dt dt 2 T |

where

"m_ : mass of proton
M : mass numbers
e : electronic charge

As eE_-means the force which is subjected by space
2
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density of charged particle. Therefore

dzr e 5
— = 21 ( — Bocos kz )" =0

From the asumption as previously mentioned

i : t = z/v and kz = s

then 2
d”r ekv 2
— - ( Bo) (1 + cos 2s)r =20
dsz mpm

charge ecffect, it is able to neglect in the case of thin

(2.3)

(2.4)

(111), (112),

(114)~ (116),

, ' - (128) ~Ar(132)

2,2.2 Axially Symmetric Periodic Eledtric Field.

Although in the case of axially symmetric

periodic

Electric field as shown in Figure 2.2, the axial

velocity of a charged particle is not constant.

It is

assumed that the velocities of charged particles is equal

at the same cross section of the beam. Providing voltage

on the axis. varies as

V(z) = v0'+ Vi( 1 - cos ke )

o L

80
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Figure 2.2, Schematic illustration of arrangement of

axially symmetric periodic electric field.
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as » 5
1 4d7V(z2) 2 L

V(z,r) =V(z) - - —— 1 : ( 2.6)
4 dzz

I
particle near the axis is
{

a’r av(z,r)
mM— = — = ‘ € 2.7 )
dt2 dr .
then . _
a?y e d%v(z)
— - T ( 2.8)
a2 M g2

1

Because ‘the axial velocity of charged particles is

larger enough than the radial velocity, the following

“equation is derived

d®r 1 av(z) dr 1 a®v(z)
: + — r =20

diz 2V(z) dz  dz  4V(z) 4,2

Again, it is transformed by kz = s , R = krv(z)

under the comditions of VO$> vy

a*r 3 v,? | |
=+ — — (1 -cos 2s )R=20 ( 2.10)
C 42 32 2 ' ’

: /) dS Vo »

82
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" The equation of motion of radial direction of a charged



(110), (111),
2,2.3 0uadrupole Periodic Magnetic Field (114)nu(116),

(128),\/(132)

In the case of ﬁuadrupole periodic magnetic field

as shown in Figure 2.3, adoptation of the rectangular

- co- ordlnate is rather convenient than cyllndrlcal co-

Qrdlnate. The axial d{rectlon is taken as z axis.
When a period of the magnetic field Q is larger than the
radius of beam, components of the magnetic field is

given as

B
)
B, = — y cos kz
X T, .
. Bo : : _
By’= - F X cos kz ( 2.11 )
"o
B, = k —— xy sin kz
'z ro

Providing components of velocity.of the ion passing

through the field are
Vo vy<3:vz = v

equations of motion of the ions are described as
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. quadrupole periodic magnetic field.

Figure 2.3 Schematic illustration of. arrangement of



d"x eBo
+ — vx cos kz =0
dtz m_Mr
2 B ( 2.12 )
d*y eB ' ,
* vy cos kz = 0
vdtz merO

Qhere Tyl radius of bean.
P _
After transformation of variable as z = vt, kz = 2s

they are written as

dzx 4eB0
T+ - (cos 2s)x = 0
2 2
ds merok v |
( 2.13)
dzy 4eBO
- (cos 2s)y =0

2 2
ds merok v

(111), (112),
2.2.4 Quadrupole Periodic Electrlc Field (114)fv(116),

(128)Ars(132)
- Components of electric field which is made by
quadrupole periodic electric field as shown in Figure
2.4 are giyen as follows under simillar asumption as

previous
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Figure'2.4 Schematic illustration of arrangement of

quadrupole periodic electric field.
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2V
. E_ = —— x cos kz
X
> r2
o
. 2v . » g
E_. = - — y cos kz ( 2.14 )
y 2 .
To
kv
E_ = - — ( x2 - yz) sin kz
z 2
T

0

As same as previous subsection 2.2.3, lines of force

draw hypérbola. The eqﬁations of motion of ions which

_péss through the field are that

dzx . 2eV
+ - (cos kz)x = 0
dt2 m_Mr 2
p o
( 2.15)
dzy 2eV
: - (cos kz)y =0

2 o 2
dt mpl\xro

It'is apparent from EQuation (2.14) that the electric
field becomes to zerb on the axis of the beam.
Therefore, it is considerable that v, = v is constant
in thé vicinity of the axis. By the replacement of

variables with t = z/v, kz = 25 under the same

_asumption as previous, Equations (2.15) are written as
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‘dzx 8eV o

+ (cos. 2s)x = 0

2 2,2 2 . _
ds mero k™v ‘
( 2.16 )

dzy -« 8eV . )

- (cos 2s)y = 0
ds?  momr 2x%y? ' '

2.2.5 Discussion (114) (116)

The résultant,equationé of previous subsections -
such as Equation (2.4), (2.10), (2.13) and (2.16) are

resemble. They are the differential equation which'haé

~a coefficient of periodic function.

Such a sort of differential equation is generally

written-as

dzx

— - [ a-2q¢t) Ix =0 | (2.17)
at?

and it‘is_called Hill's differential equation..

To the special case.astﬁ(t) = cos 2t, it is' the
well known Mathieu's différential equation. That is
-a%x . |
. =—— - (a=- 2qcos 2t )x =0 ( 2.18 )
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The solution of Equation (2.18) is called as

Mathieu function and it shows stablc or unstable

according to the values of coefficient of Equatidn

(2.18), a and q. The condition is illustrated in a

'diagram as shown in Figure 2.5 which is called as

Mathieu's Butterfly Diagram. The hatched areas are

stable regions of the solution and the others give

upstable solution.
Eduation (2.4) is in the case of
- ekv

a=-2q = ( =5 B)
P

Equation (2.10) is

2
3 V1
a:Zq:-_._..__
32 2
Vo
Equations (2.13) are
2eB
: o}
a=2>0, qQ =
o S - can 12
| . merOL v

and. Equations (2.16) are in the case of

4eV‘1 v

m_Mr 2kzv2
p o

.90

( 2.19 )

( 2.20)

( 2.21)

( 2.22 )
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Figure 2.5 Mathieu's Butterfly Diagram.
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It is .apparcnt from these equations that they vary
on each operating line of the diagram when the parametérs
change. The operating line is a = -2q for Equation

(2.19) and is a = 2q , a = 0 and a =0 for

Equations (2.20), (2.21) and (2.22) respéctively.( AS

seen from Equations (2.19)......(2.22), according.the
éﬁhnges of the ;onditions such as k, v, M, Bo’ V1 or
Vo’ thé@perating cqnditioh is detecrmined at a point on
each operating line, and the solution is given in stable
or unstable, that is, the beam of the charged particle
is converged or diverééd corresponding to the point of
the diagram.

As learned from Figure 2.5 and Equations (2.19)...
.;...(2.22), if the basic configuration of field is uséd
for mass analysis, there are the probability that ions
of different mass are focussed in the same condition.
Consequéntlf, they can no£ be used as a mass spectrometér
but some proper combination of them will ééhieve a mass

spectrometer.
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2.3 A Configration of Mass Spectrometer Using Spatially

Periodic Static Field (113)~vs(115), (117), (128)A~/(132)

In the previous section, motions of charged
particles in basic cases of periodic static field are
investigéted. hey are unable to have individually the
function as a mags‘spectrometer. Some appropriate
combinations of’them, however, in which behavior of ions
is different aﬁd cdmplicated‘from the basic cases, are
promising to analyze the mass or energy of ions.

A configuration aﬁong them which is supérposed

quadrupolar periodic magnetic field and quadrupolar

electric field, as schematically illustrated in Figure

2.6 is proposed for a mass spectrometer. The line of

force of the electric and magnetic field in the cross-
section at a magnet position are shown in Figure 2.7
(a) and (b) respectively.

It is assumed that the variation of the magnetic

-field with the z-axis follows the cosine law, the radius’

of beam of ions through the field, Ty is much less
than the period of the magnetic fieldJL, and without
losing generality, thé relation between tﬁe'velocity
components of ions can be e*préssed'as vx, Vyéivz = V.

Under these condition, the equations for the

>

-
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Figure 2.6

Schematic illustration of proposed configuration
superposed quadrupolar periodic magnetic field .

and quadrupolar electric field.

95



g é§/ 7

= =0

%75 S
i 8N\
(a) | (b)
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Figure 2.7 Line of force of electric (a) and magnetic

(b) fields in the cross section at magnet.
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magnetic field are the same as LEquations (2.11) and ‘the

equaticns for the electric field are given as follows

2V
: (o]
E = - —X
X . 2
° ( 2.23)

2V, |
E = e
y 5 7

1'0

Therefore, the equations of motions for the.ions which

paés through these fields are

2
q * + 2eVo X + eBo v( cos%% z )x =0
dt2 mero merO
| ( 2.24.)
’ dzy 2eV | eB
- o y - v( cos%%‘z )y = 0
dt2 mero mero :

" Under the same assumptions as in the previous sections,

providing vt =z , z/p =T , Equations (2.24) become

as :

dzx eﬂ?
; + > - ( 2Vo+rOBovc0521')x =0
,'dt ﬂ?mero s '
' ( 2.25)
dzy. eQ? : '
- ( 2V0+fOBovcosz’E)y = 0

b2 2.2
a2 Wmg e,y
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These equations are rewritten with accelerating voltage -

A (

2
mD!\N
= ) as
2e
”
a’x ‘I: - 2eV
+

These are Mathieu equation which have no specific

relations between a and q. Accordingly, as understood

from Equations (2.25) or'(2.26) and Figure 2.5, the

region of " Butterfly diagram " which gives stable

‘solutions at the same time to the x and y directions

is the hatched area of Figure 2.8. Thefefore, ions

having the operational condition in the above region

have converged trajectories and can be trapped by its

qollecfbr;

When dimensions of sensor of the mass spectrometer

are taken as ~Q = 2 cn, L 0.2 cm, coefficient of

Mathieu equation a and q are given as
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Figure 2.8 Stability diagram charged particle in the

mass spectrometer.
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Vo
a™~ 10 —
\
A - ( 2.27)
10 °© ‘ |
qa2 0.7 X 1077 ——
[VAM
where Vo'and VA : in volt,

'BO : in Wb / mz. .

Therefore, when BO isvconstaﬁt value and VA is varied
fb# scanning of méss range, a mass spectrum can be
obtained. Thus the gquantites Vo, VA and BO are realizable
even if the velocity of ions v mighﬁ be much greater
than that of the space vehicle.

éome available combinations may be considered in
the similar condition under some limits. Equations of
motion of charged particles passing through the field
of the similar shape of electrodes using only electric

field as illustrated in Figure 2.9 are described as

dzx 112
, + ( V0+V1c05211)x_= 0
- d?? ﬂ?ronA
| | ( 2.28)
2 2 : '
- ( V_+V1c052?:)y =0
B (o R L °
: I#ro VA,

The stable region of the configuration is the same as

»

!I
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Figure :2.9 Schematic.illustration of energy analyser.
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Figure 2.8 and as seen from Equations (2.28) it analyzes

incident enecrgy of charged particlés, that is, it is

used not as mass spectrometer but as energy analyser.
When the'vciocity of a space vehicle on which. the

energy analyser is installed, is faster enough than

‘thermal velocity of ions, it can be used as mass

spectrometer utilizing the velocity as ion trap. In

such a case, it is much more excellent than ion trap.

i
i

(114), (115),
(117)’

' | (128) s (132)
2.4 Calculation of Orbits of Charged Particles

‘The trajeétdries of charged particles passing
through the configuration of the field as shown in
Figure 2.6 and 2.7, that is, the solution of Equation
(2.26) is calculated by electronic computer with'various
conditions.- Althbugh the Mathieu's differential |
equation is generally solved by developing into infinite
;eries of two families as well known, we adopted direct

calculation of the differential equation by electronic

computer. The details of the method adopted for the

. purpose is‘described in the appendix.

Thdﬁgh'many calculations have been done under

S

Do
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various conditions of parametefs,~on1y some typical
results are shown in following. The trajecfories of
ioné in Figure 2.10 show the aspects of divgrgencé-of
H' and 0" ions under the convergenf condition of He®
ion. Figure'z.ll Shows the trajecfories of the same
kind of ions as Figure 2.10 for higher resolution with
Varyipg a, e.g. Vo’

From these two figures, the influence of different
oﬁefational condition is apparent especially on the
trajectories of the convefgent ions and it seems that
the convergent ion trajectories show a laminar fiow.

Figure 2.12 includes the case.of Heavier ions that
is, it shows tfajectories of NO+, N2+ and 02+ ions 6n
the convergent condition of No* ions besides that of

He+, HY and 0" ions. The initial position of these 1ions

~is assumed toi*be about 1.5 mm apart from the axis and

the radial component of initial velocity is zero.
This figuré'shpws that to analyze thg higher mass of
ion,'the longer configuration of sensor of the mass
;pectrometer is required.

‘A1l of previous results are in the case where the

ions are injected into the orifice of the mass

_spectrometer in various positions and only with the

velocity component parallel .to the z -axis. Because

»

o

- 103



. . K R

| \ L a=0.200
A = / /1! / . O.7é6 — He*
/| ; l/ ; — +
051 /i "o - g=11412 ———H
. L / ',' /'/ /'/, // 0.353 ——0*
5 0.3 / / ./ I,,/ / : Xo=Y%=0 ’
/.

|
- i
2 5
. !
l
| T/
|
!
[
!
!
. . . + + . T
Figure 2.10 Trajectories of H, He and O 1ons under
: .- + .
convergent condition of He 1iomn.



}

\, - a= 0.236
| (0706 — He?
0.5 / f/ / , S g=11.412 ———H"
N AV 0.353 ——0* ]
+ | I'/ / . .
k03 14 %o=Y=0
+r~ 7 /
“ >—,I . £ .
: o ;ﬁ";~, - -
} o T N~
- 0 L 1 : 1 . | h u
o . 1.0 20 30 4.0
T/
Figure 2.11 The same as Figure 2.10 but higher resolution.



a=0.236
[ 1;9=1.412 HY -
2 ¢=0353 Ot
> 05 3: q=0.667 o
4; 9=0732 Nzt
04 5; ¢=0706 He" NO*
+ 03 Ay =01
3 Yo=0. |
= 0.1 >
= X -
0 ] 1 | 1 | | | ] ! L
0 20 4.0 6.0 8.0 100
: T/ '

Figure 2.12 Trajectories'of H+, He* and 0" ions under

.y + . +
convergent condition.of He ion and NO ,

+

2
of NZ+ ion.

N and 02+ ion under stable condition

t/
/



the dircétion of flight of the space vehicle instailing
the mass spectrometer sensor is not always coincide
with the derection of axis of the sensor, the Ve10c1ty
component nerpendlcular to the z axis should be taken
into consideration.” Although details of this
charactefistics called as characteristics of attack
angle.will be mentioned in Chapter IIT, Figure 2.13 is
shown as anexample of theoretical célculation of the
characteristics.

In this case, the axial component of the initial

velocity for He' ions is § X 104

m/scec and the angle
between the axes of the sensor and vehicle with the
velocity of 8 )(103 m/sec is assumed to be 10 degrees.
Itlisvapparent that the trajectories vary:- with its

incident condition, even the ions of convergent

condition slowly diverge and the laminar flow is

‘disturbed.

Although these figures shown previously are

~illustrated only according to the departure from the

center of the beam, that is, r = x> + yz , the actual

trajectories show cbmplicated behaviers in threec

- dimensional one.
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2.5 Investigation in the Case of Finite Length of

‘Sensor (114), (115), (118), (128)~s(132)

As mentioned previously, the stablllty condition
of the solution of Equation (2.26) is given by the
hatched area of Figure'2.8. It holds good, however, in
such case that the magnetic and electric fields continue
infinitely aldng the.z direction and the circumstance
i; different from actual finite length of the sensor.
Though the number of times that ions are.subjected to
the field, decrease with a sensor of finite iength and
it is expressed as growing inferior resolution,a finite
length sensor must be used in actual instrument.

The data which are used in designiﬁg.optimum
configuration of sensor and give a suitable operational
condition to the sensor, are required. For this purpose
the deformatidn of the stable region in Figure 2.8 in
thé case of infinite length must be investigated. The
results of calculafions are shown in Figﬁre 2.14.

It is seen from the figure that the phenomena of
the flat appex of the triangular boundarles mean

1ower1ng of the resolutlon and different operat10na1

=C0ndlt10n5 from that of Flgure 2 8 must be chosen as the

number of magnetic poles decrease.

P
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2.6 Investigation into Actual Arrangement of Magnetic

Field (114), (115), (118), (128)~s(132)

All of above calculation have been done ‘on the

assumption that the periodic magnetic fields vary in

cosine law along z axis. However, in actual, the
| : : v
l ' ]

magnetic poles are arranged discretely, and the shape

‘of magnetic field generéted by these poles will vary

according to the shape, dimension or interval of the.

'poles.

To invesfigate for such cases, some stability
conditions are calculated for the several cases that
the variations of magnetic field’albng z axis are from
pefiodically rectangular to triangular figure in which
sinusoidal form is contained. Results of the calculation
is shown in'Figuré 2.15. In this figure the magnified
appex parts are illustrated.

‘It is apparent from this. figure fhat the stable
condition or stable region does not change essentially

but the stable region shifts in parallel to the‘parameter

- q. .Consequently,“it is learned that the difference of

the shape of magnetic field make only shift of mass

range and give no-influence on the operation as a mass

. spectrometer.

‘-
>
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. Thus, therec is no necessity of serious consideration

of the shape or arrangement of magnetic poles.

i 2.7 Prototype (115), (118), (119)

According to the result of previous sections, a

first prototype of a sensor of the mass spectrometer
was consfructed as shown in Figure 2.16. Though
mechanical précision and accuracy of magnetic field
were not necessarily satisfactory, experiments showed
“the evidences that the sensor worked as a mass
spectroneter.

Then, secondbprototype production which is
schematically shown in Figu%e 2717 was déne with special
emphasis on mechanical precision of magnetic poles,

electrodes and their fabrication and accurate

magnetization of the poles.
- Figure 2.18 shows a set of quadrant magnetic poles.

ThéAaccuracy of magnetization of the polesiare defined
- by fluctuation of the magnetic field at the center of

adjacent two poles as £2.5 % of the provided magnetic

field.

113
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Figure 2.16

Photograph of primary prototype of the

mass spectrometer.
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~ Figure 2.17 Diagram of secondary prototype.



gure Z2.18

Set of quadrant magnetic poles of

secondary prototype.
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The electrodes shown in Figure72,19, the cross
section bf which»is the shape of a leaf of maidenhair
’tree, are supported between each adjacent two polés.

‘The fabricated mass spectrometer of sccond
prdtofype is shown in Figure 2.20. This is the final
ﬁorm and the sensor used for flight experiﬁenf was
ﬁaSically the same as this, though the insulating

material was different.

2.8 Experiment (115), (119)

Laboratory experiments have been done with the

sensor of secondary prototype model. Figure 2.21 shows

two spectra which were gotten in the space chamber of

the Institute of Space and Aeronautical Science,
University of Tokyo. The view in the chamber of the
experiment is shown in Figure 2.22. The spectrum of

(a) wasvgotten.in hydrogen molecule atmosphere of 1077

'Torr'and by special type of back diffusion plasma

source. * The spectrum of (b) was in the case that helium

gas was introduced and the other condition and

operational parameter was the same as those of spectrum

»

/I

f 117



Figure 2.19 Electrode of secondary prototype.
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Figure 2.20 Photograph of set up of secondary

prototype of the mass spectrometer.
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Figure 2.22

Photograph in the space simulation chamber

under the experiment of Figure 1.Z1.
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of (a).‘vThese spectra were got under the condition that:
the resolution was set its minimum value,.because'the
inadequate dimension of the orifice of the mass
spectromneter caused the splif of ion spectrum at high
resolution. |

| Figure 2.23 shows the ﬁaes spectra for hydrogen

molecule ion and helium ion which were got in the

_calibration system described in detail later. The

resolution of the sensor was set at maximum value and

~ the results of Figure 2.23 were satisfactory for our

purpose.

2.9 Discussion

The purpose of development of this type mass
spectrometer was that it had the merits of static mass
spectrometer such as small power consumption, simple

electronic circuit and stable operation, and that it

was able to Vary electronically its oﬁerational mode

such as resolution or sensitivity at the sensor stage.

It can be said that the configuration of'this type

of mass spectrometer achieves these purpose

/') .



Figure 2.23

Mass spectra of higher resolution.
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satisfactorily. The power consumption and ceclectronic

one. ) .
circuit % the same as that of magnetic sector type of

‘mass spectrometer and consequently, its stability is

also the same condition.

' On the other hand, the resolution is changeable by
only varying potential Vo on the electrodes which is
given by dividing acéelerating potential V,, because
thgir ratio is proportionai to parameter a.

' The sensitivity is not so affected by varying the

resolution as expected below to the critical value of Vo'

The dimensions of the sensor are about 5 cm'in
diameter, 8 cm in length which is the case of 4 stage
and about 1 kg in weight including magnetic shieldiﬁg.
| The transparency, namely, sensitivity is rather
good than expected.and the extra-ordinal mass

discfimination is not observed by the Bennett type mass

~spectrometer.

AchieVément of the mechanical precision and
accﬁrate magnefization is the most difficult thing and
sﬂortcomings of the type of mass spectrometer.
| As easily seen from its configuration, the leakage.

flux of magnetic poles is essentially small because the

' magnetic field is concentrated at the end of quadrupole. -

Consequently, though the. excellency of this type of

-

o
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mass spectrometer in laboratory is still indistinct

because of containing unknown quantities, many merits

are expected in the utilization in sbace in spite of a

few difficulties:
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CHAPTER 3

PROBLEMS ACCOMPANIED WITH EXPERIMENTS

ON SPACE VEHICLE AND ITS CALIBRATIONS
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3.1 Introduction

~Mass spectrometry in the upper-atmosphere to
measure its composition is the most direct measurement,
that is, it selects one by onec the analyzed particle.

Though it is expected to accomplish precise measurement,

there are still many problems that various errors are

contained in results of measurement because the spacé

vehicle instailing'instruments invades into objects of
the measurement and runs.with high speed in itt These
problems composed many. scientific and engineering ones.

As a method to solve them, it is the best way to

remove the origins of these troubles. It is, hdwever,

usually difficult and a counterplan of one problem may
cause another trouble. | |

It is also important to'cbmprehend the substances
of the phenomena and to make a detail célibration for
the measured value, so as to make the precise
measurement possible inspite of existence of these
troubles.

It is very interesting to learn the various

“phenomena which are arisen by the invasion and high. speed
- running of space vehicle in the.uppér—atmospheric»plasma.

Many works have done about ‘them. The purpose of this
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éhapter is not tb investigate in detail about themn, but
to review clearly their physical meaning and to
ﬁnderstand the degree of importance of them on résults
of the measurement. Based on the full understanding |

of these problems, appropriate methodg ana systems will .
ﬁé established to calibrate.inétruments and data.

Tt
1
!

3.2 Effects originated by Invasion and High Speed

Flight of Space Vehicle

3.2.1 Effects of Aerodynamics (57)

In the case of high speéd motion in the atmosphere,
aerodynamic effects are impértant not only in flight
trajectéfy but in mechanical vibration or heating on
flight body. In our purpose,.however, they should be
grasped as another problem éspecially in high altitude,

that is in the altitude range’in which collision of

-~ atmospheric particle is rare, for instance in the

“altitude range of diffusive equilibrium condition.

Still important problems -they are in lower range

than that. It is well known that impingement of a mass
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of gas into statidnary gas generates plasma. In the

lower ionosphere, it is naturally considerable that
flight body or its shock wave gives some changes to the

"ambicnt atmospheric composition and errors to results

of the measurement.

For'éxample, it is expected that hydrated proton
iDns,'H+(H20)n which are supposed to exist in a large
amount in the lower ionosphere, are subjected to
dissociation and measured as hydratéd proton ions of
smaller molecular weight or some other species. Similar
effects are‘expeéted in measurement of negative ions
in the lower ionosphere.

For calibration of the effects, plasma wind tunnel

should be used but detail calibration will be very

difficult.

3.2.2 Ram Effect (122)~s(125), (134)
- Although problems on measurement of the upper-
atmospheric particles on the space vehicle running with

high speed are essentially the subject. of mutual

relationship among the vehicle and various particles in

the upper-atmospheric plasmé, we can only detect about

P
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them or their cffects with vérious influences .which
arise on the meésured data from them.

Considering from the view point of measuremeﬁt of
the.uppcr—atmospheric parameter, these c¢ffects give us

the results which are different from real state of the

- space. Calibrations for errors of'the‘data are finally

necessary.
| Velocity of a satellite is aboﬁt 7’\/8)<103 m/séc,
thpugh it depends on the orbit of a satellite and that
of sounding rocket is rather small. As apexample,
pérameters éf Japanese sounding rocket are shown in
Table 3.1. | |
On thé other hand; the most probable velocity Vn

1
of a particle is given as

V= | | | ( 3.1)

where m : mass of the particle,

T : temperature of the particle,
. k : Boltzmann constant.
When temperature of the upper-atmosphere'is 1500 °K,

the velocity of the particles is roughly estimated as

 electron : 2 X 10S m/sec
H o 5% 100 ®
a
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Payload Max. Max. Flight Launch.
Name Diameter weight velocity altitude time angle
(mm) (kg) (m/sec) (km) (sec) (deg.)

MT-135 137 2 136 . 50 217 75
S -160 160 ° S 1516 80 279 78
S.-210 210 12 1716 120 328 75
S =300 314 39 1930 170 398 76
S -350 364 - 48 2104 216 453 76
'K-8L(2nd) 166 22 1770 145 371 80
K-8 (2nd) 250 70 1805 182 422 80
K-9M(2nd) 255 33 - 2435 327 565 80
K-10(2nd) 420 132 2073 237 486 78

L-3H(2nd) 767 137 2596 377 661 78
L-3H(3rd) 548 80 5397 . 1995 1790 78
L-4S for satellite :

- M-48 for satellite

Table 3.1 List of Japanese sounding rockets.
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0 Cr1.2X 103vm/sec
NO .9 X 102 0w
Thé velocity of barticle; Vp except for electron is
sméller than vehicle velocity VV , though that of
electron is larger enough than v, o
"As shown schematically in Figure 3;1, therefore,

the component'of_ion veiociﬁy of the direction of sensor
aﬁis at the orifice of sensor of mass spectrometer Vi 1s

vy o=V, cosf + v, cosg{ - ( 3.2)

where ol éngle betweehAdirection of ion velocity
o and axis of sensor,

@ : angle between ram dircction of the vehicle

and axis of sensor nameiy, attack angle.

It is ap@arent that Vv, varies'ﬁith Vv, and e ; when
VV§> 'Vp . And in wake side of the space vehicle, such
a ﬁhenomenon happens that ions can not arrive to thev
vehicle.. Namély, ions can not enter the region of
wake shown in Figﬁré 3.2, after ions swept ouf with the

vehicle, where tan90 =V, / v, -
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Figure 3.1 Schematic illustration of ram effect.

LS
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Figure

3.2

Region of wake of space vehicle.
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3.2.3 Pressure Effect (122)~s(125), (134)

As deséribgd previously, because the vehicle
velocity is father larger than the thermal velocity of
particles exceptcfor electron, particles are bunched in
front of the vehicle and'depleted béhind it, as if

tbdpoles are swept away.with ladle, as shown in Figure
i : ‘

. 3.3,

The equation which explains conceptually the
pressure at a front of vehicle, P, may be represented

on the ram vector as
P=kSnT+2V S an ( 3.3)

where n : number densities of the particles.

The second term becomes larger than first term which

expresses the pressure on a body at rest, when Vv is

larger than thermal velocity of particles. The force

which givés drag to a satellite is out of the serious

" question for direct measurecment because of small

density of particles, though it is the direct force.
It is rather important that ion current which is
collected through an orifice of a mass spectrometer by

a motion of space vehicle with high speed and may be
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- Figure 3.3 Schematic illustration of prassurec
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expressed simply as

i, = en AV, cos e ( 3.4)

&

where A : area of orifice of mass spectrometer,
is larger than the ion current which flows into surface

@f body at rest in the upper-atmospheric plasma. The
P ,
problem concerning @8 the ion current will be mentioned

in following subsection.

¢ (122)~s(125),

3.2, 4 Potentlal gnd Fl?ld Effec (133)~As(135)

When a bbdy is placed at rest in the upper-
atmospheric plasma, electron and ion currents flow from
plasma to the body. The body will acquire a net.
negative charge or negative equilibrium potential due
to the large thermal Veiocity of'the electrons compared

to the thermal velocity of the ions. The electron

current to the body is produced only by those electrons

which are energetic enough to overcome the equilibrium.

potential. At equilibrium, the total current to the
body is zero with the électron current balanced by the
positive ion current.

Due to the small thermal velocity of the ions, the
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i

reglon surrounding the body depletes electrons as shown
in Flcure 3.4, It will have a net positive charge and
is called as an ion sheath.

Since at equilibrium the total current to a body
immersed in a neutral plasma is zero, a negative
éotential must exist on the body which is represented

'
or simplified situation as

¢= kT.QnT_‘M+ (3.5)
2 e T+ M. ) ' '

where T. : electron temperature,
T+ ¢ ion temperature,

M : mass of electron,
M+ : mass of ion.

However; it differsfrom actual coﬁdition. As a
space vehiele rune in plasma with high velocity,
different treatment should be necessary betwecen front
and rear of a vehicle, ion and electron, different size
or'shape of vehicle and so on.

Photo-emission by intense solar radiation can not

'be neglected Be51des these, many factors which give

1nf1uences on the potent1a1 of a space vehicle and
consequently cause chanoes of the sensitivity of

measurements, snould be considered, such as a secondary

N
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emission from the surface of the vehicle due to the
cosmic ray BomBardment, surfaceltempergture of the
vehicle, radio emission from antenna of the vehicle
and so on.

In the cése of.the moving body, poteﬁtial on a
sbace vehicle also should reach to an'equilibrium.

| .
When the total current to the body is zero.

I'_‘+I+'+Im = 0 ( 3.6 )
where I. ': electron current,
I, jon current,
I : miscellaneous current.

- These currents are respectively given following a

theory of plasma'physics and condition of the upper-
atmosphere, sun, vehicle and so on. Both of I. and I,
must be dealt differently according to the sign of

charge of vehicle. 1In calculation of I+, the velocity

-of vehicle must be regarded., As for I., it can be

-diérega:ded when a size of the vehicle is small enough.

‘When the velocity and size of space vehicle are

large and region of wake in which ions can not enter is

-large as shown in Figure 3.4, -the sink of potential in

the wake region can not be neglected. In such a case,
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special consideration should be paid in estimation of i_,
becauée electrons which can enter to the wake region are
limitted to high energetic electrons enough to overcome
the potential.

As anexémple, assuming that the véhiéle is a
négative'charged sphere and small enough to Debye

length L, '

(»3.7 )

L =
currents are répresented as
I = 1zn_er?v exp (¢e/kT.) - ( 3.8 )
- T NER- m-SXP- - .
o 2
, JTv v v _ V. 2
Iy =T, er?V,, e ers Yy o v +2)+oxp{ - (¥ )}
m+t oy V_. kT 2 2 v
v m+ + Vm+ m+
( 3.9 )
where . :
. 2: 2 ' '
. erf(x) = = exp.(-y~)dy ( 3.10 )
. JT _ |
5 | .
y = |22 | ( 3.11)
_ N m+ ' _ : :
/¥
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r : radius of vehicle,

n_ : electron density,

n_ : ion density.
Providing Im = 0 , the relation between the

normalized potential of vehicle versus Mach number

which is the normalized velocity of vehicle is shown in

1
Figure 3.5.

In the case that the size of vehicle becomes large

"and the sheath in front of vehicle and negative

potential in the wake should be considered in the

estimation, the normalized vehicle potential versus

‘Mach number is shown in Figure 3.6. In such a condition

as the large photo-emission'current from surface of

vehicle under intensive solar emission, I, X 0

and a vehicle may be charged in positive potential.
Assuming_the‘parameters of the upper-atmosphere

in which the vehicle runs, the potential of the vehicle

and ion current which flows into an orifice of the mass

spectrometer can be cstimated.

- VFurther, when an attractiﬁg voltage is applied on

the orifice of the mass spectrometer, strong fields are

. generated, and quantity of current into the mass

~spectrometer will change largely as shown in Figure 3.7.
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MACH NUMBER, M =V /a,

Figure 3.5 Normalized potential of vehicle versus Mach
number, assuming the vehicle is negative
‘charged.sméll,sphere, where V means v, and

X, is V.+ + ( after Whipple )
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NORMALIZED POTENTIAL, ¢e/ kT

0
T../ T+ = ].:0
No-Magnetic Field Effects Included
No Photo Emission
-1 ; '
_— t/L=10
H* ATMOSPHERE
-2 -
s -—
-3 .
Ot ATMOSPHERE
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-5 I 1 1 1 | | | |
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MACH NUMBER, M =V /a4

“Figure 3.6 Normalized potential of vehicle versus Mach

number, when fadius of vehicle r is larger
than Debye length L, smoothed line and
dotted line come from different assumption

~at the calculation. ( after Whipple )
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3.2.5 Others

As a space vehicle is composed of various materials,

the influences of out-gases which are exhausted from

these matcrials, can not be neglected. The origins of

gases are expected as contamination of surface of the

.l ' ; ) : L
- instruments, evaporation from organic materials, vapour

P
from embers of rocket motor in special cases and so on.

“Among these things, various organic materials

might change its quality, sublimate and exhaust a

~considerable quantity of gases for a long term, as a

result of applying of intense solar radiation in vacuum
circumstance. The possibility is unable to be disregarded
that those materials are detected by mass spectrometer,
after dissociating br feacting with some constituents
of the_upper-atmdspheréi

As an attempt to escape from those effects, a

satellite which was sealed hermetically in stainless

steel container with specially treated surface have

tried for a pfecise measurement of circumstance on the
satellite.

On the other hand, some sorts of cheﬁisorption
might occur at the surface of special materials of a

satellite which is cleaned up by solar radiation and
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"vacuum as a result of long stay in the upper-atmosphere.
In such a condition, an active species around the

satellite might’be depleted by this reaction.

3.3 Influences Appeared in Data of Measurement

...' . .
3.3.1 Characteristics of Velocity (122)~vs(125)

As understood from previous section, it is
difficult to deal with characteristics appeared in data
modulated by the effect of velocity, attack angle and

potential separately. That is, the velocity of a

"satellite gives influences both on characteristics of

attack angle and of potential. Though they are
described-separately in the following three subséctions,
their content are not so clearly separated as the
subtitles. |

- As the veloéity; with which ions pass through the
analysing part, is sum of the velocity by accelerating
voltage on grids or siits and the velocity of the space

vehicle, the mass spectrometer whose mass range is

scanned by accelerating.VOltage, for example Bennett

p
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type, time of flight type or magnetic sector type, is

affected by the velocity of vehicle in its mass range.

As a matter of course, the operating condition must be
determined as to be able to neglect the 1nf1uence.

However, there is the limit from various technlcal

reasons.

’!' As an ekample .Flgure 3 8 shows calculated result
of the energy gain of ions versus the change of ion
velocity when the species whlch ‘should be selected, is
hydrogen ion by using the three-stages Bennett type |
mass spectrdmeter. Figure 3.9 and Figure 3.10 also

show the same situations when the species which should

be selected are atomic oxygen ion and nitric oxide ion

- respectively.

It is apparent‘from’the figures that in the case

of heavier ion, a shift of mass scale by a few per-cent

change of the velocity gives a possibility of serious

mistake in the determination of ion species. Therefore,

a careful treatment should be required to the data of.
direct measurement. They are not serious in sounding

rockets, but some adequate steps are need for a

. satellite especially of excentric orbit.

In the case of the Bennett type mass spectrometer,

the.retarding voltage which is the most important for
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analysis beéomes effectivély lower value according to
the initial ion velocity and harmonic peaks appear ih
the spectrum as a result of getting worse of resolution.
As a example, when the velocity of a space vehiéle is

8 X 103 n/sec, effectiveilowefing of the returding
voltage is 0.3 volts for H+, 1.3 volts fqr He ™ aﬁd
5.3 volts for O0'. These values can not be neglected.

«
i

i
1
h

3.3.2 Characteristics of Attack Angle (122)As (125)

As expected in previous section, the influence of

angle between ram direction of the satecllite and axis

- of the mass spectrometer, so called an attack angle,

can not be neglected because the velocity of a satellite
is larger than the velocity of particles.

The characteristics of attack angle is affected

 nofJon1y bybits angle but also by shape and size of

the space vehicle, operating mode of the mass
spectrometer, sorts and structure of the mass
speﬁtrometer, way of installation on the vehiclé,
surfacé.condifion of the vehicle, or parameters ofr

circumstance of the vehicle such as electron and ion

temperature, electron and ion density, ion composition

2
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-and so on.

Therefore a calculation with some simple

assﬁmptions cannot apply to a real case. It is

significant, however, to understand the outline of the

characteristics and to make design and calibration of
the instruments by the results of model calculation.
Figure 3,11 shows proton ion flux at the orifice

of a mass spectrometer normalized by ion flux of ram

direction versus attack angle. The parameter is ion

I .
temperature of the upper-atmosphere and various

conditions are shown aé in the figure. Figure 3.12
shows the same characteristics 6f atomic hydrogen,
helium and atomic oxygen as a parameter.

As seen in these figures, characteristics of attack
angle differs between species of ions even in the same
condition and the characteristics depend on various
conditions of the satellite and its.circumstance.' The
caiibration, therefore, must be done with the ions
which are expected in the upper-atmosphefe and.for all

of parameters.

3.3.3 Characteristics of Potential (122)~s(125),
(133)~ (135)

-

The poténtiél and field around a sgtellite might

d
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Figure 3.11 Calculated proton flux at the orifice of

| mass spectrometer normalized by ion flux
of ram direction versus attack anglec under
various 1lon temperature- as parameter,
_where 90 means velocity of Vehiclé, RSHEH
is radius of sheath and RSAT is radius of

the satellite. "( after Scott )
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Figufe 3.12 Characteristics of attack angle of

Of",_He+ and H. ( after Scott )
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be complicated and differ from calculations with
simplified model or simulation experiments, because
various potentials are applied-on probes, sensors or
antennas of instruments installed in the space vechicle.

_Figuré 3.13 shows the characteristics of attack
angle on atomic hydrogen ion collection with the vehicle
potential as a pafameter. The larger negative potential
of the vehicle gives the smaller ion flux differénce in
tﬁé characteristics of attack angle, as seen in this
figure. In addition, the attracting voltage applied on
tﬁe orifice of a mass spectrbmeter may increése the
tendency. |

Figure 3.14 shows normalized output ion current of

the 5-stage Bennett type mass spectrometer which is

- used for measurement of the ionospheric ion composition

on Japanése soundiﬁg.rocket versus attack angle when
the‘attracting_voltage is 50 volts. It is assumed in
the?calculation that radio frequency field on grids of
theimass spectrometer does not give any influence bn
the characteristics of attack angle. In Figure 3.15,

the same characteristics is shown in the casec of a mass

spectrbmeter of different size from that of Figure 3.14,

such as 2 times in -diameter and about 1/3 in length.

It is seen from these ?igures that attracting

P
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voltage improves characteristics of attack angle and

in the case of Bennett type mass spectrometer the
characteristicé depend largely on a dimension of the
Sensor. They are, however, only the result of calculation
under some aséumptibn and simplified situation and actual
characteristics -are affected by more cbmplicated
condition. They shoﬁ only a gencral tendency of fhcse

characteristics.

3.4 Characteristics for Active Species of the

Upper-Atmosphere (122)As(125), (136)as(155)

In the upper-atmosphere, some species which can

not exist at the ground surface are important

constituents. Among them, atomic oxygen is one of the

most important species of the ionosphere and it is said

~that mass spectrometric measurements of it give smaller

~value than expected density. Though many reasons arc

suspected with it, main origin of the loss must appear

in the ion source of the mass spectrometer. Therefore

it depends on size and dimension of the ion sorce or

-

inlet of it, wall temperature of it, electron energy

»

/

- 161



.

and sévon.

It -is said, that the reaction coefficient which
has been got in laboratbry experiments under higher
pressure cannot be applied to the réaction in the upper-
atmosphere, especially for active specicsvas atomic

| ’ .

o??gen. vThe mechanism of reaction in the upper-. -
aémosphere.where the préssure is rather low, might
differm from that in higher pressure. At least, the
results of upper-atmospheric atomic oxygen ﬁeasured by

mass spectrometer on space vehicle are suspected.

This is one of the most important and difficult problem

on direct measurement of the upper-atmospheric composition

by mass spectrometer.

3.5 Calibration

3.5.1 Calibration as anOrdinary Mass Spectrometer
There are various type of mass spectrometer which

is from the simple type such as used for analyzing

residual gases in vacuum or for Qbserving the upper;

atmosphere composition, to the large scale‘mass
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spectrometer which is used for analyzing radio active
isoto;es.or for deciding structurc of large molecular
organic matters having score thousand of resolution.

No mass speetrdmeter has uniform sensitivity to
all mésses or species of iohs, that is; if has.the mass
discrimination. The mass discriminétion characteristics
i%_due to analyser itself and its ion source.

| Mass spectrometers; in which the analyzing

principle depends on transit velocity in analyser and
the sweep of accelerating voltage is used to scan of.
mass range,'haVe the sensitivity dépendence on the
value of accelerating voltage.

On the other hand, in the casé of a quadrupole type
ﬁaés spectrometer which does not depend on the ion
velocity in its analyzing principle,Athe transparency

decreases for ions of large masses when the inclination

‘of operating line, shown in Figure 1.28, is made steeply

in order to improve its resolution.
Although the motion of charged particle in the
analyzing field of a mass spectrometer is enough

invexstigated, there are many obscure points on ionizing

- action in an ion source. Though the ionizing
efficiencies of various species of nutral particles have

~the maximum at various différent voltage, the ionization

’

TR e
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voltage applied in an ion source is an'average‘value.
Effective ionizing voltase or sample'rate of ions to an
analyser depénd on size, dimension and temperature of an
ion source and d%ffefence of composition between inside
and outside‘of an ion source. | .

i "It is the most serious that there is no standard
ign source. The évaluaﬁion of pattern coeffiéient of

a mass spectrometer is usually done refering to magnetic
field scanned sector type mass spectrometer which has
Ehe longest history and is considered to be reliable;
We used a ﬁagdetic~field scanned sector type mass

spectrometer as a first standard and a quadrupole mass

spectrometer as a second standard.’

3.5.2 Calibration for Characteristics Caused by High

Speed Flight (122)~s(125)

In this purpose, it is the most important problem

how to make the condition which appears around a space

vehicle in the upper-atmosphere. As it is imposible to
~ make actual condition of high speed flight of the

" vehicle in the laboratory, it is simulated by making

plasma beam which has the similar composition,

RO
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temperature and density as expected in the upper-
atmosphere and is accclerated in a parallel beam.

A plasma wind tunnel may be available for simulatién
of lower altitude such as D layer of the ionosphere.
In-the simulation for higher altitude, a plasma beam of
proper charéctéristics flowed in vaccum chamber may be
available.

., It is rather difficult to make a plasma beam of
§1éw speedbas a space vehicle and high density as.the
iohosphere. A plasma beam of high density and slow
velocity is practically made by the ways that a dense
plasma is generated by dischange in rather high pressure
gas and ejected into the test place of high Vacuum.‘

It is impossible, however, fo satisfy both conditions

of velocity and density. Apexperiment is usually done
with rather high velocity plasma and correction will be
don¢ aftefChard. The plasma beam must.be parallel and
homégeneoué‘inside a cross-section which is large endugh
for a calibrating sensor. The measurements of parameters
of the generated plasma flow are also impprtant for
_precng calibration.

Figure 3.16'shows anexample of result of measured
pharacteristics of attack angle of Bennett type mass

spgctrometer for molecular hydrogen ion. It was done

L P
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in the ":Space Chamber " of the Institutc of Space and

Aeronautical Science, University of Tokyo, which has

2 meters in diameter and 3 meters in length.

Figure 3.17 is a view of the sensor in the chamber.
The asymmetry of the result is supposed not by the
asymmetry of plasma-beam, but by the interface of some

parts of equipmént. A back diffusion type plasma source

" was used and enérgy of the ion is 30 eV. The corrected

result of Figure 3.16 due to the ion velocity is shown

in Figure 3.18.

(122)~s(125),
3.5.3 Calibration for Active Species (127),
(136)~s(155)

As described previously, the error in the
measurement of active species is.one of the most serious
problen of the upper-atmospheric mass spectrometry.
There are two ways to attain a accurate measurement.

One is to develop an excellent instrument,,espccially;

jon source. The other is to calibrate a usual mass

spectrometer in the atmosphere, whose composition is

’

accurately measured by-some other means.

As for the former way, various types of ion source
were tried changing their sizes, structures, or

LY
»

~
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Fipure 3.17

Photograph of mass spectrometers in

" Space Chamber " under experiment for

characteristics of attack angle.
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Figure 3.18 Characteristics of attack angle from the
result of Figure 3.16 after correction

~of ion velocity.
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materials. Recently, a helium cooled ion source was

.tried. 1In this ion source, helium gas is flowed along

the wall of the -ion source to avoid reactions or losscs
at the wall surface of high tempervature. We adopted,
hewever, the later way. The calibration procedure for
atomic oxygen is fellowing.
—~  The atomic-oxygen is generated by NO (nitric oxide)
titration ﬁethod, deteils of which will be described
in the followiﬁg subsection. The production rate of
atomic oxygen can be known acculately by the precise
measurement of the flow rate of nitric oxide. However,
as the pressure in the qualtz pipe at which atomic
oxygen generated is about at 1 Torr, and the pressure
afound the mass spectrometer must be lower than 1074
Torr, the differential pumping is done through a pin-
hole between these two position.

Therefore, the density of atomic oiygen in the

atmosphere surounding the mass spectrometer is to be

calibrated precisely by some means. We adopted a

‘method for this purpose to measure a change of resistance

of a thin metal film caused by a chemisorption at the
surface. The occurrence of the phenomenon called

adSorption>or'chemiserption depends on the combination

‘of metals and gases. In Table 3.2, the activity of

N
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| | | . 0, || cH| col 1 [co.| N :
.+ | (CaSnBaTi Zr,
- N A{Hf,V,Nb,Ta,Cr, | + | + | + | + | + | + | +
t s MO, W, Fe’ (Re) . . | - :
B: Ni(Co) | + |+ |+ |+ |+ |+ |-
B; Rh,Pd, Pt, (Ir) + |+ |+ |+ = =
C Al)Mn’,Cu’AU + + + + —_ —_ —
D K + + — —_ — — - »
Mg,Ag,Zn,Cd, In, -
e E $Si, Ge, Sn, Pb, As, +. — - - —_ - -
= Sb,Bi - _
F Se, Te - — - - — - -
’ o . o Table 3.2 List of' activities of chemisorption of
metal surface to gases in room temperature.
( after Keii )
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chemisorption of metals for variqus.géses in room
temperature is shown. Then, some kind of metal can be
chosen fof this purpose.

In the case .of Cd and oxygen, the change of an

electrical resistance of cadmium film,AR, is

VN N(0,)
f —_— = ( 3.12 )
R N(Cd) '
where R : resistance of Cd film, -
A . ¢ parameter of the reaction and approximately
.4’ y .

N(OZ) : number of adsorbed oxygen,
N(Cd)_: total number of cadﬁium atdm.
Figure 3.19 shows a example of resistance change of
cadmium £ilm by adsorption of oxygen.
As the atomic.oxygen generated by NO titration

method is mixed with only molecule nitrogen, this method

- to measure the density of atomic oxygens is effective

and the accurate measurement is expected. Practically,

the thin metal film is made by sputtering on glass plate

in vacuum.

&
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3.5.4 Calibration System
a. Outline of the System (122)As(125)

According to a necessity of pre—flight.calibratidn
of a mass spectrometer for.the'upper-a£mosphere
measurement as described previouély, a system of
apparatus for this purpose is constructed. This
c%libration'system is made of three parts, gas supplier,
plasma source and calibration chamber, as shown in
Figure 3.20.

The gas supp1ier sends all kinds of gases to the
plasma source which aré expected to exist in the upper-
atmosphere. The flow of gases except for atomic species

is automatically controlled at a proper rate. This

~ apparatus is able to generate, hydrogen, nitrogen and

oxygen in atomic state.

At thé plasma source, ions are generated by high

frequency discharge or electron bombardment and ejected

~into the calibrating vacuum chamber with some suitable

energy which is adjustable.

- In the chamber, there are a turn table which is

installed at the bottom of it and on which a mass

-

sﬁectrometer for f1ight'is calibrated, a movable Faraday

»

,I ) .
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Figure 3.20 Schematic diagram of
calibration system for

; mass spectrometer for
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cup which checks the homogeneity of deﬁsity and energy
of ion beam, and a standard mass spectrometer which is
composed of a magnetic sector type and a quadrupolg
type to diagnoses the composition of the beam. The
calibration system is shown in'Figure 3.21.

b. Generator and Supplier of Gas Species Ei%é%;ﬁ%igg%’

| The schematic‘diagfam of the apparatus is shown in
Figure 3.22. It has two functions. One is the
supplier of various gaéés with constant flow. Gases
are suppliéd»from gas container and £low through motor
driven needle valve which composes a closed automatic
control loop with a vacuum gauge or a flow meter and
electronic circuits. This control system keeps the
pre-set value of pressure or»flow rate with a good
response. |

. The other is thé generator of hydrogen, nitrqgeﬂ

and oxygen in gtomic state. The atomic oxygen'generating
system takes,a large part of fhe apparatus, which is

the well known NO titration method. Atomic nitrogen is

-.generaied by excitation of molecular nitrogen in a
"qualtz pipe which thrusts through a miéroWave cavity.

fThe capacity'of the magnetron microwave oscillators of

S
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2.4 GH, is about 800 Watt though it ié usually 6perated
at about . 200 Watt. A circulator is adopted in the wave
guide circuit and protects the oscillator from the. |
refleétion power from the exciting cavity which is
absorbed at non reflecting terminal. By this excitation,
atomic nitrogen of a few percent of molecular nitrogen
flow is generated.

When nitric oxide is injected into down stream of

the excitation, reaction (1) generates atomic oxygen.

Reaction (1) N + NO—>N, + 0 ( 3.13)

ky= 22 X 10-?‘1 cm?’mole.cul'e'ls;.cc-1
(2) N +o + M-—'>N§ + M+ h\)» - ( 3._1:4 )
k,= 5 X.10-23 cmﬁmolecule'zsec'1
(3) NO + O—.-—>N02 . h\?' o ( 3.15.) |
ky= 3 X 10717 cmPmolecule tsec™d
(4) NO ‘0 + n-x;?Noz . N ( 3.16 )
’.; : k= 6 )(.10_"32 em®molecule ?sect

The resultant atomic oxygen reacts with reaction (2)

‘and radiates blue light in the case of excess of atomic

nitrogen. When nitric oxygen is surplus, greenish

»

,
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yellow light is emitted by reaction (3). When no excess
exisf, that is, quantity qf atomic nitrogen aﬁd nitric
oxygen is equal, these light diminish. At the moment,
there-are only atomic oxygéﬁ and moleculér nitrogen in.
the down flow of reacting spot. Although the generating
rate of atomic nitrogen from molecular nitrogen is
Iﬁdistinct, it.is clear from above discussion that the

production rate'of_atomic nitrogen is able to know

accurately by measﬁring'precisely the flow rate of nitric

oxygen. The flow rate L .is gi?en by the relation of

I car C(3.17)
At : '
‘where C : volume of the reservior of nitric oxygen,

At : period of anexpefiment,
AP :'pressure difference of the reservior
~during At.

Atomic nitrogen of equal content to the atomic
oxygen Will be suppiied to the chamber, if nitric oxide -
flow is stopped as the condition of those glow faded out.
Precise control of titrating condition is effectively

achieved not by needle valves in the route of molecular

nitrogen and nitric oxide but by microwave power output,

because of difference of their response. As it is

: ;
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apparent from the recactions from (1) to (4) that the
rcaction rate of .(1) is faster enough than other
reactions, the generated atomic oxygen can reach to the

orifice of plasma source without loss.

‘c. Plasma Source (122)As(125)

. '
—
st

Gases frqm'gas supplier are ionized at the ion
source which is located between the frame of gas
supplier and the main chamber. It is composcd of a
" reducer cross pyrex pipe of 9 and 6 inches " and

three types of ion source such as RF discharge type,

electron bomberdment type and back diffusion type as

,shbwn in Figures 3.23, 3.24 and 3.25 respectively.

Those are able to be installed in the pipe alternatively.

The ion sources of the former two types ionize the

2

gas at high pressure about 10™° or 10-3 Torr in the ion

source and the ions are extracted through many holes and
ejected into main chamber with proper velocity which is

'giVen at the final grid. In the case of the latter type

of the ion source, dense gas is flowed against the

ionizing space and unionized residual gas is exhausted

by vacuum pump after ions taken out by electric- field.

Figure 3.26 shows RF t&pg ion source. RF power is

181



N ; % |

| | ?

._ i

@”ﬂ“‘% - - R |

% P ‘ i :

1

- | | |
va } o

-30 =150V

. :

Figure 3.23 Schematic diagram of radio frequency

plasma source.



|
\ |
Y |
] k
Lo
P
| P
| ﬁm
+10 =60V - '
3

Figure 3.24 Schematic diagram of plasma source

by electron bomberdment.'



g

T .

i

i

_—— - ——)

G: Grid ' _
e

H: Heater T

AAE22212312A2 8 L immmennd » o4

—

d

-

type ion source.

184

N

- —> PLASMA

———— - - -.——-G)

Figure 3.25 Schematic diagram of back diffution



Figure 3.26

Photograph of RF
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supplied by water cooled coil wound at outside of pyrex

cylinder of the ion source. RF oscillator used for this

purpose has 1 kW of power capacity at 14.5.MHZ.

Front view, final power stage and circuit diagram of the

oscillator are shown in Figure 3.27, 3.28 and 3.29

respectively. Figure 3.30 shows: electron bomberdment

. type ion source.

d.: Main Vacuum Chamber

Main vacuum chamber of the calibration system is
60 cm both in diameter and height_as shown in Figure
3.20. It has a turn table at the bottom which can bear

about 30 kg of ﬁeight. .The turn table can be rotated

from outside of the chamber with accuracy of 0.5 degree

of its angle.

A stainless steel rod of 1 cm in diameter pierces

thfough the ceiling of the chamber, rotates in any

difection, moves‘up and down within 50 cm and bears
10 kg of hanging load. At the side of the chamber,

four of 250 mm flange and twenty of 70 mm " conflat

- flange " are arfanged.
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Figure 3.27

A view of RF generator for

plasma source.
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Figure. 3.30 Photograph of plasma source of

electron bomberdment.
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e. Standard Mass Spectrometer

The composition of the ion beam which is. used. in
the calibration syétem in which a space borne mass
spéctrometer is calibrated must be fully analysed before
a calibration experiment.

A combination of a magnetic sector type and_a-
quadrupole type mass spectrometer is used for a
sténdard. A quadrupole.type mass spectrometer is
geherally used during calibration experiment, because
an influence on light ion beam by the leakage flux
exists in a magnetic sector type mass épeétrometer.
The quadrupole mass spectrometer, however, usuaily has
a large mass discrimination which depend on its
operating condition especially on setting of its
resolving power. Then the pattern coefficient of the
quadrupole mass spectrometer is calibrated by scanning'
magnetic field sector type mass spectrometer; The
outiine‘éf charécteriétics qf these mass spectrometer
dre as follows. |

Magnetic sector type mass spectrometer

: - mass range -: 1~200 m/e
resolution M/ AM : =100

 vscénning, : available both magnetic field scan
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sensitivity : 5 X 10~

'énd accelerating voltage.scan

3 m sec ~ 30 min.

automatic repetition and manual
start

13 torr with secondary

sensityvity : 10
electron multiplier

sensor { ion orbit of 5 cm in radius and
75° in deflection angle

special specification : potential of ion
orifice is always zero voli aﬁd
higﬁ‘voltage is applied on the
secfor

leakage magnetic flux : less than 3 gadss
cat 1 meter from orifice of the

Sensor

Quadrupole type mass spectrometer

mass .range : 1~750 m/e
resolution :>=2M and 2500
15 Torr with secondary

electron multiplier

scan rate : 25 m sec ~/ 30 min.

automatic and manual

dynamic range :~107
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f. Faraday Cup

In order to check a homogenéity of density and
energy of the ion beam over its cross-sectioh, a sort
of Faraday cup of small diameter is mohﬁted at the end
of a movable rod in main chamber. The schematic
diagram of the sensor and pre-amplifier is shown in
Figure 3.31. |

f
!

g.f Data Processing

Calibration with this system will be done under

~various parameters which are expected to give a serious

influence to a mass spectrometer measurement on a space
vehicle. Avlot of data got by calibration experiment
must be utilized cffectively for the reduétion and
analysié of observation data on a space vehicle with

various parameter such as information of orbit or

trajectory of space vehicle, attitude or temperature of

space vehicle and various geophysical parameters. For

such a purpose a considerable scale of data processing
and conputing system is necessary and'a system as shown

in Figure 3.32 was planned and is in progress..
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Figure 3.31

Schematic diagram of Faraday cup

and its amplifier.
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Figure 3.32 Diagram of data processing system

under contemplation.
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h. Support Equipments

Many and various support equipments or instruments
is used for the calibration experiments. Only vacuum

pumping equipments, however, are described here. The

ion source and main vacuum chamber have two lines of

vacuum pump system such as 10 inch and 4 inch oil
diffusién pump and oil rotary pump, and 6 inch and
Zfinch oil diffusion puﬁp and oil rotary pump. The
1étter system is perfe;tiy protected from failure of
eiectric and water supply. Then, the }atter system is
operated continuously always and the former powerful
system is operated only during experiment, especially
of gas flow. The final vacuum which can achieve by
8

full operation is about 10 ° Torr. The gas supplier

uses a 4 inch oil diffusion pump and oil rotary pumps

besides these.
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CHAPTER 4
EXPERIMENT OF SPATIALLY PERIODIC STATIC FIELD TYPE
MASS SPECTROMETER ON BOARD

+ JAPANESE SOUNDING ROCKET



-+

4.1 Constitution of the Flight Instrument

The total constitution of the system of the flight
tfpe instrument ‘borne in Lamda-3H-6 rocket is
schematically illustrated as a diagram in Figure 4.1,

Accelerating voltage VA was applied to the orifice

bf the sensor and the voltages applied to the quadrupole
| v

. élecfrodgs, Vo * vV, and Vp - V, were made by dividing

the accelerating voltage. These voltage werc scanned
from 0 to about -300 V in 2 second.

The ions which passed through the‘mass spectrometer
sensor were ejected into the channel type secondary

electron multiplier, of which the high voltage of -3 kV

‘was applied to its entrance. The current gain of the

| multiplier was about 106 or higher. This type of

multiplier does not need voltage dividing resistor and
it is smaller and easier use than ordinally electron
mﬁltiplier of BeCu dinodes. The output current was
received by a high input impédance pre-amplifier and
1og4aﬁplifier.

. The power supplying switch of high voltage circuit

- was separated from the power switch of the other

circuits and it turned on by a signal from program -

“timer borne in the rocket after about 5 second from a

5
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Figure 4.1 Diagram of rocket borne instrument of'

spatially periodic static field type-

mass spectrometer.



burning out of final rocket motor, the .altitude. being

“about 200 km.

The payload of the mass spectrometer for Lamda-3H-6
rocket is shown in Figure 4.2. It was composed of two
parts, such as sénsgr, éléctron multiﬁliér and pre-
émplifier part and the ofher electronic circuit part.
#hese size were 80 mm 'in diameter and 200 mm in height
for sensor part and 200 mm in diameter and 100 mm in

height for electronics part. The total weight was

about 2.5 kg.

4.2 Sensor

The drawing for fabrication of sensor and its
magnetic shield which were used for the experiment is
shown in Figure 4.3. A schematic drawing of the sensoi
part is illustrated in Figuré 4,4, The magnetic shield
is used as an aperture of orifice and outlet of the
sensor. Therefore, the magnetic shield was applied the
accelerating voltage of‘ions ahd the outer case was at

the rocket potential. The leakage flux was smaller

‘enough than one tenth of geomagnetic field at about 10

TSI
Ty W
;
5,
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Figure 4.2 Photograph of the mass

- for Lamda-3H-6 rocket.
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‘Figure 4.4

Schematic diagram of sensor part.
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Figure 4.5

Photograph of sensor part under overhaul.
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cm away from the orifice. Figure 4.5 shows an inside

view of the sensor case.

4,3 Electronic Circuits

The electronic circuits which controlled the
sensor and amplified the output signél were all solid
state. Figure 4.6 is a circuit diagram of the pre-
amplifier, log-amplifier and output buffer-amplifier.
The pre4amp1ifier‘was of 106 ohm input impedance and
of zero decibel gain. The dynamic range of the log-
amplifier was about 4 orders, that is, input voltage of
the range from 1 mV to 10 V corresponding to the rénge
of 1V to S V in the output. The output analog signal
was sent by a FM-PM VHF telemeter.

The circuit diagram of sawtooth generator of -300 V
is shown in Figure 4.7 and its timing circuit in
Figure 4.8. High voltage of about -400 V was made by
DC-DC converter and gawtooth voltage of 0~v -300 V was
directly made by a Miller integrating circuit with high
voltage transistor. The sawtooth voltage was divided

in a proper ratio and supplied to the sensor and

»
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telemeter. The resolution can be varied by changing
the dividing resistor. The timing circuit dpove~the
relay of sawtooth generating circuit in each 2 second.
Thé high Voltageﬂdf -3 kv wés also made by DC-DC
converter as shown in Figure 4.9. . .

| The simple circuits described above are all
électronics which are necessary for this type of mass
épectromcter. Figure 4.10 shows a part of electronic

circuit removed its case cover.

4.4 Pre-FiigHt Calibration

The pre-flight calibration was done by means of
the calibration system described above. The purpose of
the célibration was to insure its normal operation and
to record the characteristics or voltage at the various
poiﬁt of the circuit to be used for data reduction such

as sawtooth voltage as shown in Figure 4.11,

characteristics curve between input and output ofblog-

amplifier, linearity of amplifiers, accurate voltage of

high tension circuit, sensitivity, resolution and so on.

- Figure 4.12 shows output at the collector of channeltron.
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Figure 4.9 Circuit diagram of high tension circuit
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Photograph of electronics part.
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Figure 4.11

Figure 4.12
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Oscilloscope trace of sawtooth accelerating

voltage under pre-flight calibration.

Oscilloscope trace of output signal at
the collector of channeltron of the mass

spactrometer in Helium atmosphere.
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4.5 Integration of Payload

After installed and integrated in the rocket with
many other'instruménﬁs és shown in Figure 4.13, the
payload was tested in various ﬁays, such as mechanical
vibratiéﬁ,vshock, electronic oﬁeration and so on. The
sbnsor‘of the mass spectrometer was installed at the
top of the Lamda;SH-G rocket. Figure 4.14 is the close

up view of the sensor on the rocket.

4.6 Result of Flight Experiment

The mass spectrometer was flown by Lamda-3H-6
rocket shown in Figure 4.15} in January , 19, 19790.
Though the performance of the rocket was good, the

output ion current of the instrument was saturated

 after the moment of turning on _the high voltage circuit.
- to supply the high voltage to the channeltron. This

~condition continues during passing through the peak

and falling down to about 500 km. After then, the
saturating current rather decreased and ion mass peaks

began to appear in the data though unexplained current

2
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Figure 4.13

Assembled payload of Lamda-3H-6.
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Figure 4.14

Close-up view of the mass spectrometer

sensor on the rocket.
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Figure 4.15 Lamda-3H-6 rocket on the launcher.
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which was modulated by scanning of acceleration voltage
supergosed on the mass spectra. The telemetcred'raw
dataagg shown in Figure 4.16. In these Spectra, the
peaks-of atomic ogygen ion which is expeéted as the
dominant constituent at those altitude; ciearly appear.
Tﬁough it is not precise due to the superposed unknown

!

| .
current, the content of 'atomic oxygen is estimated more

than 103_ion/cc.

4.7 Discussion

Though the normal operation of mass spectrometer
sensor was verified in the final stage of the flight,
the cause of the saturation of the ion current should
be ascertained for future exﬁeriments.

It is supposed that the trouble was caused by the
orifice aperture of the sensor.’/The sensor had been

fabricated as schematically shown in Figure 4.4 but it

‘was changed in the final integration before flight as

shown in Figure 4.17, because it was conjectured that

if a-discharge'of high voltage would occure in the

~ electron muitiplier due to slow evacuation in the

;

S T e
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- Figure 4.16 Data gotten from the flight experiment.

~ They were gotten at about 400~/ 300 km
"of decent. Atomic oxygen ion peaks’

élearly appear.’
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Schematic illustration of the sensor part

in flight and of supposed phenomenon

'which‘caused saturation of ion current.
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sensor casc, itbmight disturb other electronicses.
Affef this change, the orifice of the case was hold by
four slender poles and orifice of the sensor on which
the accelerating voltage applied was revealed to the
ionospheric plasma.

It is confirmed now that the saturation was occured
by the ions which were directly ¢ollected by the
channeltron on which attracting high voltage was applied,-
wi%hout passing throughAthe mass spectrometer as shown
ingFigure 4.17. The process how the ions reached from
the orifice to the chaﬁneltfon, is not yet clear;'
though many possibilities were investiéated such that
ions passed between case and magnetic shield or
secondary ions were made by collision between the
“accelerated ionospheric ioné and residual gases in the
case. However, it is ascertained by the supplementary
experiment in the calibration system described above
thét the same condition of saturation occurs with the
'seﬁsor of lifted orifice and that the normal operation
~¥s achieved when the orifice is set following the
original design. Moreover it is recognized that the
operation in the wake mode reduces the saturation.

'Consequently,»the-problem of saturation of ion

current will be solved by the original structure of the
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orifice. To solve the trouble of discharge, the sensor

of the mass spectrometer will be put in anevacuated

container as schematically shown in Figufe 4,18, The
inside of the container is evacuated by vacuum pump.
After chipcutting the container to integrate the payload:-
iﬁ the rocket, the vacuum is sustained by getter and

the orifice will be opened at a high altitude in a
trajectory for measurement. This method will be adopted

in next experiment. It will be carried out by Lamda-

3H-7 rocket in January 1971.
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Before starting the qbservation of the upper-
atmospheric composition by rocket borne mass spectrometer,-
the auther had made a study for all sorté of mass
spectroméfer aboﬁt their merit and demerit as an
instrument for direct measurement.

From the scientific and technical standpoints the
Bennett type of mass spectrometer was adopted. It has
been used to measure the ion composition of the
ionosphere and it will be used for measuring ion

composition of the principal part of the ionosphere on

~account of unnecessity.of secondary electron multiplier.

Recently, with progress of various field of science,

- especially of semiconductor technique such as development

of transistors for high voltage and high frequency or
field effect transistor, the quadrupole type mass
spectrometer became available. It is introduced for

the measurement of ion composition in the lower

-ionosphere and of neutral composition.

It was decided to use a Bennett type of mass
spectrometer for the first satellite experiment owing
to have much experiénce. A.static mass spectrometer,
howéVer,~is desirable because of maﬁy problems sucﬁ as

pover consumption, stable operation reliability of the

system and so on. The static mass spectrometer, namely,
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magnetic sector type is able to change its resqiutioﬂ
and transparency by changing its mechanical slits. If
é hass spectrometer which has the characferistiés
similar to a stagic mass spectrometer and is able to
vary electrbnically its fesolution and trénsparency is
developed, it will be very convinienf for a satellite
egperimcnf. '

| In order to achieve this purposé, investigationﬁb
for.ﬁotions of charged pafticles in various p¢riodic
static fields in basic case were carried out. In |
consequencé of thebinvestigation,;a configuration of
mass spectrometer which is expected to satisfy our
request, was proposed. Studies for practical casés
impressed its realization. The laboratory experiments
with its trial production médel give satisfacfory
results. Though the first flight experiment was not
successful becaﬁse of careless mistake of installation

method, a normal operation of the mass spectrometer was

~confirmed in the final stage of the flight and the cause

of the trouble was ascertained by a supplemental

simulation experiment in laboratory. After improvement

~of the installing method, it will be used again in

future experiment and will be adopted to use in future

.

satellite projects.

R
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<
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At the same time, it is Very 1mportant to calibrate
the 1nstruments to get the correct results from the
measured data. Various problems which occured in direct

experiments with space vehicle and its calibrations

‘were investigated on mass spectrometry. According to

the result, a system for callbratlon of mass spcctrometers
of space use ha:n been constructed. The performance is
satlsfactpry. There is not such a consistent talibration
system from gas supplier to data processor as this
apparatus so far as the author knows. It is able tol
supply varibﬁs-atoms, molecules and ions, and to change
various parameter of them. Therefore, it will be able

to use not only for mass spectrometer but also various

instruments for direct measurement such as energy

analyser, particle detector, various probes so on.
Moreover, it was planned and designed to be able to use
for plasma beam experiment and simulation experiment

for chemical reaction in the upper-atmosphere in future.
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1. Equations Governing Ionic Tfajectories

42 .
d™x : , . )
— + ( a +'2q;D(t) Jx = 0 (1)
2 o . o
dt

In case of sé (t) = cos 2t, Equation (1) is known
as Mathieu equation. In order to investigate the
behaviof of trajectories, we.assume three types of

functions as ?5 (t) : that is,

@ cosine function ?é(t} = cos 2t

pA

$
t.

|

> T

() trapezoidal function

I —
i T .
: Zé p : width of a pole
TP i .
. ﬂ | | ,0,: interval of

adjacent pole

t=1t'+n (n=20,1l, 2, ..... )

0£ t' <7

P
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515 (t)=1 for 04t LR
'. Z-Q,/

=_)_4__(-4-t;' 1) for TR otre®(1-B)

2p-p T 207 T2 b

1 for 75’:(1-%)$t'é-§(1+%) (2)
oL (Gl for T(14Bygireiz-Dy
T | 2 XL 2 L
-1 for T(2-Dylvidm
4

"

: (:) triangular function

special case of 2 i.e. p =20

2. Numerical Analysis of Ionic Trajectories
Equation (1) can be changed into the simultaneous

ordinafy differential equation of 4-th order as follows.

dxl-

'E;— =-f1(t,xl,x2,x3f¥4) = X,

a?“'= fZ(t’xl’XZ’XS’Xll):-(a+2q¢ct))xl
dx3 : '

o EsltxpXaxsxy) = xy

dx4 , ) '

— = f4(t,xl,x2,x3,x4)=(a+2q¢(t))xs
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Although there are scveral methods of solution of the
above equations, we adopted thé modified Adams method

dué to a short time for computation. This method,
sometimes known as the Adams-Moultod method, is refered
to és one 6f_the closed type of predictor-corrector |
formulaé [ A1']. It is particularly efficient for the
investigations of the behavior of ions, that is, |
criterion of divergence of trajectories of ions. Written
to-épply to a system of eduations (3), .the predictor

values are calculated by

P b )
Xi n+l Xi,n+2 4(9fi’n+1+19fi 5f.

+f
,I."7i,n-1

i,n-Z)

where f. = fi(t0+(S—1)h,x

i,s 1,5-1°%2,5-12%3,5-12%4,5-1)

with i = 1,2,3,4. The corrected values can now be

calculated by

x¢ = X +_}l_.(9fp

i,0+17 *i,n% 708 nea* 198 07385 oy nl2)
N P P P D
where  £5 ne1™ £3(8*nRuX3 1015%7 ne10%3 00 12%4, ne1)

' The four starting values required for this method are

supplied by the Runge-Kutta method, which described

»

~
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below. The increment of Xs due to stcp increment from

n to (n+l)th, is given as

S
X. n—_—(kl i+2k

X, -
i,n+l 1, 6 ’

2,i"2K3, 1%k )

where, kl .= hfi(t0+h(n'l)’xl,n’xz,n’XS,ﬁ’x4,n)

n

2,3?

s 1
X X
L 1 0,1 0,2
Ky 3= hi; (tp+h(n 50 L, Xy 0t s
. . 2 ?
i
; K K
0.3, L0,
2 S
| X, Cx
<o .= 1 1,1 1,2
kg 3= hE;(tgrh(n-2),x) (2=, x,) [ +—22,x0 0
. 2 2 N ;
k k. .
1,3 14
LY ) T
2 "x4,n 2 )
ky,1™ hE (tgrhn,xy 4Ky %) ¥Ry 9Xg otk
X4 n*Ks 4)

and i = 1,2,3,4

Reference -

[A.1] Hildelrrand, F.B., "Introduction to Numerical

- Analysis", McGraw-Hill, Inc., 1956.
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Main Program

Initialization
XO(I) : initial value of dependent valuable X3
(I=1,2,3,4)
TO : initial value of independent valuable t
TF : final value of ihdependent valuable t
H : integration interval '
WP : interval of printing-out
. Subroutine
;
| START
\/

A\

[c = we/u]

for I=1 4{

X(I,1)

= X0(I)
[ € = 9999 |
4
M=0
B = TO + WP
T = TO

I=1~4

_ RUNGE-KUTTA STARTING J=2~4

K1(I) =
X(I,J)
F(I,J)
K2(I) =
X(1,J) =

. 252

HXF(I,J-1)
X(I,J-1)+0.5K1(I)
F(T+0.5H,X(I,J))

HXF(I,J)

X(I,J3-1)+0.5K2(1I)




F(I,J) = F(T+0.5H,X(I,J))

K3(I) = H F(I,J)

X(1,J) = X(I,J-1)+K3(I)

T = T+H |

F(I,J) = (T,X(I,J))

K4(I) = H F(I,J)

X(1,J) = X(I,J-1)+(K1(I)+2K2(I)

+2K3(1)+K4(1)) /6
\
T = T-3H
U I L SR :
T = T+H
M = M+l

G B W mr an R S G AP em am ca ER A G e B AP S G W P M Mt - T W S e e L e o o -

T
]
!
)
)
L
]
!
o
1
!
t
~ £ !
”~ ~ ' 4
J - " B = B+WP A
XP(1,5) = X(1,9) 5] | = 172
R=(XP2(1,5)+XP2(3,5)) Pl R o= (X2(1,1)+X2(3,0))
1T =1/1C | J
- Al WRITE : T,X(I,J),R
: N/ 1 N
WRITE : T,XP(I,S5),R ! M= 0
Final t and x,R : _ 7 <
' ) M: C
H ' ' 3
RETURN i X
. : ) :
from No.1l 'No.2 (Next page)
,\
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No.1l

N

J

i

5 <

from No.2

PREDICTOR

Z
s

%

F(I,4)=F(T,X(1,4))

_

xp(1,5)=X(I,4)+H(55F(I,4)-59?(1,3)+37F(I,2)-9F(i,1))/24

T=T+H _
F(I,5)=F(T,XP(1,5))

"CORRECTOR \

[X(T,5)=X(1,4)+H(OF(1,5)+10F(1,4)-

ST(1,3)+F(1,2))/24]

, 1/2
R=(x(1,5)+X%(3,5))

for divergence of
frajectories

X(I,4)=X(1,5)

N
T = T/7T

Lon

F(I,J)=F(I,J-1)

WRITE:T,X(I,5),R
Divergent t and x,R

/
M+1

y >

¥

RETURN
ONAASAAN/




	page1
	page2
	page3
	page4
	page5
	page6
	page7
	page8
	page9
	page10
	page11
	page12
	page13
	page14
	page15
	page16
	page17
	page18
	page19
	page20
	page21
	page22
	page23
	page24
	page25
	page26
	page27
	page28
	page29
	page30
	page31
	page32
	page33
	page34
	page35
	page36
	page37
	page38
	page39
	page40
	page41
	page42
	page43
	page44
	page45
	page46
	page47
	page48
	page49
	page50
	page51
	page52
	page53
	page54
	page55
	page56
	page57
	page58
	page59
	page60
	page61
	page62
	page63
	page64
	page65
	page66
	page67
	page68
	page69
	page70
	page71
	page72
	page73
	page74
	page75
	page76
	page77
	page78
	page79
	page80
	page81
	page82
	page83
	page84
	page85
	page86
	page87
	page88
	page89
	page90
	page91
	page92
	page93
	page94
	page95
	page96
	page97
	page98
	page99
	page100
	page101
	page102
	page103
	page104
	page105
	page106
	page107
	page108
	page109
	page110
	page111
	page112
	page113
	page114
	page115
	page116
	page117
	page118
	page119
	page120
	page121
	page122
	page123
	page124
	page125
	page126
	page127
	page128
	page129
	page130
	page131
	page132
	page133
	page134
	page135
	page136
	page137
	page138
	page139
	page140
	page141
	page142
	page143
	page144
	page145
	page146
	page147
	page148
	page149
	page150
	page151
	page152
	page153
	page154
	page155
	page156
	page157
	page158
	page159
	page160
	page161
	page162
	page163
	page164
	page165
	page166
	page167
	page168
	page169
	page170
	page171
	page172
	page173
	page174
	page175
	page176
	page177
	page178
	page179
	page180
	page181
	page182
	page183
	page184
	page185
	page186
	page187
	page188
	page189
	page190
	page191
	page192
	page193
	page194
	page195
	page196
	page197
	page198
	page199
	page200
	page201
	page202
	page203
	page204
	page205
	page206
	page207
	page208
	page209
	page210
	page211
	page212
	page213
	page214
	page215
	page216
	page217
	page218
	page219
	page220
	page221
	page222
	page223
	page224
	page225
	page226
	page227
	page228
	page229
	page230
	page231
	page232
	page233
	page234
	page235
	page236
	page237
	page238
	page239
	page240
	page241
	page242
	page243
	page244
	page245
	page246
	page247
	page248
	page249
	page250
	page251
	page252
	page253
	page254
	page255
	page256
	page257
	page258
	page259
	page260
	page261
	page262
	00001.pdf
	page1

	00002.pdf
	page1

	00003.pdf
	page1

	00004.pdf
	page1

	00005.pdf
	page1

	00006.pdf
	page1

	00007.pdf
	page1

	00008.pdf
	page1

	00009.pdf
	page1

	00010.pdf
	page1

	00011.pdf
	page1

	00012.pdf
	page1

	00013.pdf
	page1

	00014.pdf
	page1

	00015.pdf
	page1

	00016.pdf
	page1

	00017.pdf
	page1

	00018.pdf
	page1

	00019.pdf
	page1

	00020.pdf
	page1




