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FOREWORD

This publication was prepared under contract
by the UNITED STATES JOINT PUBLICATIONS RE-
SEARCH SERVICE, a federal government organi-
zation established to service the translation
and research needs of the various government

departments.
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THE 10N ROCKET

- Hungary -

(Polleidn; is the translation of an erticle by frno
Ya in Tizilad czegle (Physies neview), Vol XI, No 1

p ~ -
_udapest, 1°C1, rages =12,

1) Core Introcductory Remarks.

"ven the physicists and engineers who d2al with common
rockst ~nzines ond the professor who teaches the principles of
roeket motion always encountr the problenms pertaining to dif-
ferent unil oystens., There are few areas in nodern physies and
teeunies -lere the confusicn around tho units of mass and force

(wedzit) areas cionificant as in the field of rocket eng

ines, It

is not :Aithout recasen trat o great number of rocket technicians

caleulaic conctantly with specific impulses (Iy or I..),
Ly euploying these characteristic quantitles, the unigo

uotlone
mie well-imowm Lasic equation of rocket motion is

because

of weight
ard not ‘noce of mass may be used in the vasle equation of rocket

P=dt "wel.w (1)

ere P 15 thic thrust (reaction force), 3=tm/dt ic mass

consump-

t11on rer ccoond (the macs of the propellant thrusted out in unit
t1ue) 2nd v is the (rolative) velocity of discharging this mass.

=7 knowing thet m = 3/g (the mass is the quotlent of the
wel ht cnd the _ravitalicnal acceleration), the former equation

may Le 1ritien in the following form:

P =23 o 1 = GJ (2)
ct g
3
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where alirealyr the loss of ueight peor second (e weizht of propele-
lant cdeccharged in wnit tdie), ic involveds Ca the other hand, the
quollint ufg resresents the specific inpulse Iy mentioned previous-
ye Tuarely L2 Zniroeducticn of Lo specific Tnpulse succeeds in
relatirn, thc equation of the thoust to the weicht of the propellant.

The qusciion, vhy a caleculation with propellant weight and
not hc uacs is .ore practicsl arises froquently. Tals question
1s concit:red o e sven nerc justificd, since in above enuation
the specdsl cortialevel value of ¢ apprars, while the mass unre=-
1atcd 40 Ahc cravitationsl aceeleraticn ney be considered as ine
variant quantlil;.

Tyen Af the originaters of above objections are theoreti-
eally ~igit, we have to talke into consideratlon that today (and
presuzably 2luars in designinz space researching equiment) the
cesiznor, especinlly the desisner of the carrier rocket, is in-
terestod not in the masses, but in the weights to be 1ifted fram
the c-rth 2nd to Le oruited on a ziven course. In the course of
£ipa1 enculations we have to return in every case to the weight
and the fo~ce; therefore, 1%t 1s practical to nodify in advance the
exprescions derdved fram tho dynamics of a point of changing mass
20 kot in these possitly consistent systems the weizht and not
‘4he —rog 4c involved., e should repeat that this is a : (2
ment of practieszl work, but it is oy all means rational, for it
enses the clarificaticn of the relaticnships and eliminates
the gouree of error in conversion.

m:ic 43 all the norc necessary since, when turning from
the acchanies of ccron chamical rockets to the electrically accel.

eratin: propelling systoms, the problems related to measuring units °

will e rmlti;lied; this, on the other hand, introduces into the .
caloulations constants of the most diverse and frequently the most
unusucl foiwm.

Ta the follewin: discussicn, we can not arrive at the ideal
situation. 'liat sc czn do is to show in every case the modifi-
caticns n the cenversion of €3S and technical unit systems from
each other, ond thus 1llustrate with practical problems how many
labyrinths and cources of error there are in dealing with different
mized-unil srstems, g

2) Tue Crisis of the Classical Rocket .
. Pefore elatorating in detail on the topic of our study,
we have to ansuer one other question: why do we need these pro-
pelling systess, whieh appear today as still exctic? "

Te must siate eatesorpally that these propelling mecha~
nisms are nob suiteble, for solving the problems of present space
research. “verything thet is belng realized in the space around
our ezr*h and in the neizhborhood of the plancts of our solar

™
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system and that whicl; «1ll come to reallzation in the lollcuin;
years will still remain within the possibilities of the chenlical
roocketsy furthermore, the chemical rocketls aven provide a tettcr
solution than any othor more advancoed propelling mechanisn,

We shall not disregard the fact, however, that presently --

. and probably during the decade of the 1060's -~ we have and will
| arrive at only thie beginning of the Introductory chapter of

space research; the already-realized achievemnnts, though nagni-
ficent, and the outlined problems of near future, though inspir-

" ing, do not yot represent real astronauties, literally, space

travel, These are merely minor sciratific explcratory ventures,
the magnificent results of which will serve as a foundaticn for
yet more agnificent aohicvements in the future.

In the pregent and future tosks of space research, the
astronomers heve only a seccndary role, at least in the long-temm
planning of ihe ventures, However, at th: moment, when we wisn
to arrive sale2ly throuzh space to the moon and the two neigh-
boring planets -- 4in our view this ic the very basie problen of
the space rescarch of *hiis century -- astronomy will not be theo-
rotical anymore, but will Lo converted into a considerably prac-
tical soilence, almost astrotechnics, and the cooveration on the
part of astronomers +ill need to be much more tasic (and flexible)
than that of present tire,

As muoch as we can sec fram previous invectizations, it will
be charasteristic for future tasks of a really astronautical cha-
racter that a new component /111 tear much more csignificance
than it does at the present: namely, the useful constellation,

< that 15, the mutual space position of a Lome planct (the earth)

and a dectination planet (e.g. Venus, Noon, Mars)e It 45 also
obvious fram the studles that exploratorv space venture. can be
achieved oLly &t the cost of cnormous time lozins, at leact for
the time being, while we aln at sclutions of wminimum ener:y.

The startin; sohcdule of th~ space vehicles will also b2 ine
fluenced by’ what we want to mea.ure and vhelher we want %o place
the peri:cum point of the ccurze for z lonzer period on the semi-
globe with day time, or on the semiglob~ ith night time., 'Jith
rezard to the previously mentioned space con-.tellation, when start-
inz a moon rocket, the period withir which the success of the
start has any chance willl decrease ‘o approrinately a quarter

of an hour, Zven in case of an earth-to-moon trip, it might be
necessary to walt for a few hours or days, ~speclally Af we are
restricted fron the viewpoint of the startin: placn, the time

- of starting and arrivel, or f.e. illwiinction circumstances,

This 1s valld to an increased extent for a Mars or Venus axpe-
dition, In this case, only a few days of the year are suitable
for startingy after arriving at the destination planel *herc Is
a longcr welting porlod needed for the spnce ship to roachk again

D



——
7 102 L

the favorable oonstcllaticn required for the return,

We might state that in real space travel thece tine lossec
will detoruine the faasible or unfeaciilie charactror of the whole
venturc, This means that we have to alter cur ideas on time;
thus, in light of th~ mutual relationship between the course to
te traveled and the time, our design concegts relatling to velockty
and consequently to aocelcoration are to te consldrred diff-rent-
ly, than those e have teen accustwinrd to during precsious speee
- experimenting.

This i1l result primarily in choosing the zcale of tha
maximwi and praotical acceleratlonc differantly tran that cof
formze oxperbireats. It 1 worthwhile to rontlon thal wun astro-
nautic crrien rocael starts geoncrally with an acceleration of
a = l,i.2 ;3 then, tl.c accaleration suddenly inereacrz due to the
consunption of the propsllant. CZuposing a tasc ratic £:1 be-

" tween initlal and final wmagses of 2 :lven rockel stage, then --
assuning constant thrust for the rocket engine -- the final

" accelcration would b2 six times the initial on~. Therefcre, it
1s not surprisin: tiuat present day; astronautical carrler rocko's
have a final acceleration of 4.£ . in the firsi _tage ana 20.LQ ¢
in the finsl stage. The latter facts are to Le cpsclally cone
sidored wlicn we arc eoncornca with manned rockets or satellites,

W shall not forget that in tho cacs of present day rociets
the entirc acccleration perlod lasts for a few minutcs at the
mosty this 1s followed by flight on a gravito'lonal trajectory.
This solution sult: the #ndeavors and conditicns aimed at minimun
eneryy. '

However, at ‘he nament, when tu: space ‘ravelers have
ample tine to achleve aecceleration {in case of a ieal space-
exploring venture), thio former siatements are no* valid any
nore and the value of allowable and practical acceleratlion can

~and shall be seleoted in an onlire different manner,
e

T-ble 1
Final veloeity versuc acceleraticn and accelerating
timn
vy =1 (t,a) io/s

Time 10 n/s5¢ 1 mje< Cos 11/ 5% C,C01 m/c< €,001 mfsc

t -~ ~C,1; ~C,C71 ~0,0C) v 0,001 g
T day N R4 H,6 C.56 C, 056
1 weok 4,000 60C 1o £ 3 826
1 month 26,000 2,600 26C 26 2t
1 year c 30,000 3,00Q JoC 30



' We have given thc [inal velceities v, (in lus/sce) in Talle
- which, depending on the acceleration, will Le reached at tho ond
of the indiecated accelerating period. As it 1s shown, in case of
. an acceleration of 1 ¢ and an acclerating time of one year, even
' the veloclty of light sould be reached theoretically, if relativ-
. istio relallonships are neglected. Wr will pot need this, how=
ever, for a long time,

! Until we are engaged in tasks of an astronautie character
. as mentioned before, th2re wlll not be nececsary a total veloclty
increase blzzor than gv-30 ~ £0 km/sec, which would ment the

. requiranents for reacshing the escape veolccity, establishing a

- stable ciroular orbit around the destinatlion planet, perforuing

" occaslonal landings and take-offs, and furthermore, raturning
into the atmcsphere of the earth., By means of Table 1 the mag-
nitude of cffeotive accelorations to be applied according to the
allowsatle aocelorating time umay be determined. This i1s shown in
Table 2, whero we have gummnarized the accelerating times for a
total valocity increase of av =30 lm/sec (that is, for the
case of a Moon expedition with one landing or a Mars expediiion

Table 2

Accelerating times pertaining to total velocily
increase

Av = 30 im/sec,

(e

. Acceleration, a Accelerating time
K few minutes, for special purposes, e.g.
starting, returnirg
* Cdg few hours
0.01 ¢ few days
0.001 g ore month
0.0001 ¢ one ;ear

e oan cee that inasmuch as accelerating timecs with an
order of ma;nitude of & month and a year are allowed, the value
of tho effcctive acceleration does not need te more ‘han one
' thousendth and one ten-thousandth g, respsctively. This fact
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puts the ncw electric propelldng accharisn .noan nlie. Y, i
ferent 1light and calls attenlion to the fact thu* we can and
must oaloulate with thrust to mass and thrust to weight ratios,
wholly different to these we have teon aocustumed to with our
presont day rocketas.

Wo may tallc about the crisi, of the chemical rocket, whore-
as Igp =400 se0 (wkpsec/kp) 13 the practiical upper limit which
nay over be reached by means of not the present day, but the con-
tingently Lest futurc rocket fuecls., We cannct expect an energy

tboration of more than approximately 4 kcal/y from chemical re.
actions, In thls fisld only the introduction of s0-called fre»
radicals (e.ge, use of atomic hydrogen) could Lring some improve-
ment, but for tho time being, soundin; experiments only are heing
done in order to solve the stabilization of thoe extraordirarily
active free radicals (e.g., by means of deep cooling).

The questicn of uzin: atomic enery also arises. The ato-
mic reacter or any othar trpe of the coentrolli=d nuclear reactions
represent unlimitcd heat scurcas.

The main difficulty arises from the fact that the propel.
lin; cubstance itself, the propellant, that 1s, the gas or steam
discharged by the rocket engine, is simply unabtle to pick up
ener;;y of more than a certain quantity. Ey increasing the quan-
tity of the introduced encriz’, the iranslationnl, rotational
and vibraticnal eneryy lcvels became radually saturated; first
digsociation, later ionization occur. After reaching this limit
condition, thie substance 15 practically rot only incapable of
peking up more encrgy, but overy state change results in more
or less of an energy locc, after arriving at a state completely
ionized, the substance is incapable of tekin; on more he=at ener-
gys thus, it 1c in vain to iry introduclrny newer snergy quanti-
ties, since the value of the discharge velocity w and the speci-
fic irpulse Iep rospectively cannct be increased. At this limit
condition the thermal rocket cecam~s "choked up” as a driving -n-
gine and 15 unatle to provide exce-: pover for further accelera.
tion,

Cinecs during thls process the subctance Lecame ionlzed,
it appears to Le an obvious coluticn thet we Yoo for sore cort
of elect:rical accrleration inutead of increasii: the tompera-
ture {(tha* is, inereasin, spceific heat encr:y) in order to nccue
lerate the propellani, lModarn atonlc phrsies has erfecuied thece
accelerations sicthods to a lar;n extent; ve muy find a partisle
accelerator even in televislien tnhes,

The above concepts lead lcgleally ‘o various Lypes of

1

nle~*ricul drive, sach ac the len reciiel ongine,



3) The Structure ¢f the Ior lockel ~.:ine

The Structure of an lon rocket engine is shown in Figure 1,
The sultably-selected propellant arrives from the propellant tank
throush the feedin; cystem at the lon gencrator with a precicsely -
determnincd pover, Frem the ilon generator, the ions enter tnc
lon accelerating chomber (the actual ion rocket engine), from
where thoy are discharged, accelerated in the form of a high=
veloocity don stream, The reaction force produced by the dise
charged ion stream provides for the thrust., At the same time,
electrons are also liberated in the lon generator.

There i1s a proper energy source (e.g. an atomic reactor)
necessary to feoed the entire engine, and same sort of thermome-
chanical encrgy-convertins apparatus {e.g. & steam or gas turbine)
to transfom .the heal of the energy source into power driving
the electrical generator, This generator uses up excessive
eloctrons from the ion generator and feeds them into tho elec-
tron acocelerating chamber, fram where they are discharged, acce-

lerated in form of an electron stream supplying part of the thrust,

It shall be also noted that significant heat losses, unavoldable
in turbines, occur; they are to be dissipated by adequate cooling
equipment, The indispensabley important part of an ion rocket
engine 1s the chamber accelerating and discharging the electrons,
lacking this chamber, tho apparatus, permanently loosing posi-
tive ions, would soon hecome negatively charged to such an extent
that its further operation would be impossible due to polarizatien
effecctsy the lon rocket engine would break down. It 1s, there.
fore, important that the electrically neutral state of the whole
rocket engine and thereby the rocket itself be preserved’ and
continously re-established.

It is not the purpose of our study, to review zll the tech-
nical problems related to ion rocket engines., Therefore, here
we deal merel; with aspects which are primarily physical, and
do not examine purely technical problems pertaining to f.e.

« 8lectrical energy source, cooling, ete.

-~3-
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L) DPasic Zquations of the Ion Rocket %ngine

For an evaluation of any Jet propulsion engine, that is,
a reaction engirc operating on the loss of materials dischar;ed
in the direotion opposite to that of movement, the thrust ias the
most important charactoristic, If the propellant utilized in
the engine is on the "vehicle" itself, then in accordance with
liewton's second and third laws the equation of tho thrust is as
followss

Ma =P w2 Dy oMy oWy (3)

where P i3 the thrust (in dync), * 13 the mass of the apparatus
(gram), a 1s the accoleration of the vehicle (em/sec2), ny is
the number of discharged particles por second, wi is the rela-
tive velocity of the particles re “crred to the vshicle (cm/see),
and m) 1= the masc of ths particles (gram).

Tho quantities of equation (3), that is, the valye of ni,
m4 and wy, depend upon the celected propellant and the accele-
rating apparatus of the engine,

The simplest conception of the ion is tb comsider it
as an atam with i%s elcctron shell deprived of one or more elc-
trong. In this case, the positive charge of the nuclcus prevails
and determired the electriocal behavior of the vhole particle,
For the sake of simplicity, we consider in our ctudy »nly single-
ionized substance; thuz, we asume that ths atom has lest only
one elestron., This ascumption is in accordarce with the line
followed in present day experiments (cesiun-ion rocket), but not
necnssarily acceptable for the propellant to be used in future
ion rocikot engines.

If we are after the ion mass of a substance with atcmie
weight A, this can be readily detemmine? .y knoulng the Avoga-
dro number and the atomic weight (atomic nass number), since the
Avogairoe munber renders the mmber of particles in one grarm-atom
or gran.molecule of the substance, respectively. Thus, *he mass
of one ion of the propellant with an atomic weight A is

ni = A - mpgram, (4)
€.C2H8 , 10<J

By means of equations (3) and (4) the thrust of the lon rocket
engine may be expressed

P‘:‘f.aﬂ A o« Il [ ] wi + vy ,K
: o 1o T me (Rerenu), 2

2



ny cad e TP Wl Lers of the ienc and the electrons per
2 respoetivaly, £.0MP 1027 1s tre scwcalled Avogadro
nwrker, ia i the mass of :n slcetron {(2.2CCh . 10-284), and wi
ond we ors the weloeities of the lorns aic the clectrons, ré-
speeticilr fen/zrel. : :

oo Adthouza the clcct‘:i.c’l ch‘*r';,v of the particles dic-
charozd frou the ion »echict, thal is, the charge loss of the appa-
ratus per wnit of tine, Influencss the clectrodynamic behavior -
of the uhcle rogl:ct {duc ..c ine 'c"‘ charzes on rmetal surfaces
and subcequent -lcetrieal rcpulsive forc*s of various kind), -
this protden will zot le c.::lt with howe, thougk the more securate
cal ~11 tion of the correcticn regquira xento remlt ng from such
secondary cffeocts would undouctedly bLe mtcreuting in the future.

If e ‘.,::.;:, Levever, jnto concideration the fact that
the cleetion unct ic ne:slisilly omell as compared with that of
the. lon, an¢ hat it i sherefore, is extrenely unlikely (even
toetnieslly Lmpracticsl) te inerease the velocity of the elecirons
in erder to irer:zase the thrust, then the following simpler for-.
mala iay be obtsined for tbc thrust of the ion rocket:

dim. (6)

"N
S SRS S . .a..O"'J

™e numter o2 p“rtic"'; is b'riousl,,r 1inearly proportional
with the elcetrical current, since

. e v 0D 'II\ 2
0 4.....;.;...—-—-- = (,286,1013 | 4, (7)

where = 1o the chorse of an clectren, *hat is, 4.8029 . 109 elee-

irostatic vnits, and i is “he currsnt. The above egquation does

nct con*cin any more the coei“‘lcicnt .109 (more accurately,
2,0000 197), shich is necessary in ordor to ccnvert the cur-
rent 4 [ivcn In axperss Jram technical units into CGSE units.

e velceity of the diccharzcd particles results from
the chancse in kiinetie ener;y; *his liinetic energy increase 1s the
offcot ¢f the claetrestatic ficzld. ' ,

T8 e asommie that the particles started from rest, with
mero iritisl velceity, their kinetic emergy is given by fQllow.
ing forumlos : i

t"‘ | S

henes, we moy capracs the discharge veloelty

. o s
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W = :'Tg_é_v_mi cn/sec, (9)

: vhere V 45 the potential difference aceclerating the particles,
i mq is the mass of the ion, and factdr 300 is again the conversion
' factor botween CCSE and the practleal unit systems.

. former expression, the followinz formula is given for the discharge

By substituting the explicit term for the lon mass into

veloeclity of the ions:
\Y
wy =1.389 , 106 ___ cn/sec (10)
A

In order to verify that neglecting the mass and velocity
of the elecotrons does not affeet the dymamic relationship of the
ion rocket ongine, let us mention here that the discharge velo-
city of an ion wit. .ts mass docreased by the mass of an electron
may be given as follows:

N
1.389 . 10 _
Wi = A__‘

l a[_ET’-_
;l’"l'éj% A (11)

where the quantity under square root in the nominator is Justi-
fied to be taken as one, Thus we arrived at formila (10).

The discharge veloeclty of the elezctrons is glven by the

. following formulas

' e Wy ™ 5.952 o 107 Vvo em/sec. (12)

Finally, the thrust expressed in thec values of the acce-
lerating potential and the ourrent can be writtcn as follows:

P = 1’4'039 . ij_ ;A . Vi dyn, (13)

_ where ve may again nezlect the effect of electrons on the thrust.

11
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elestron 13 an %unaveicdatrls turden® hiich we nted in crder i
maintzin the eleciricezlly neutral ccndition

in practise, it is nﬂﬂcv s
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ion streaw a pre ica;l; parallel stirean is, what lozses ‘ohalc,
in“uct1Vﬁ etc.) occur in the tromemisslon system, and what 248di-
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struc*°"ﬂl elemsnbs ol .uu su~ine (mainly with the wall of
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shere the first tern glves the power of the lon currsnt and the
second tent zives that of the electron current. The guestica
az2in axises whether the second term camnct be eacily qh~1~ctra.
Fcr the tiz2 being, we zhall answer ®yes® to this qm~-t
The wvalue of Lu: actual power nay Lo detaiming drnnnd.
ing upon whit slseiricsl ceoanection we mey eploy for tL4 ien
cce-w“ating and slectron ascelsrating chanbtserz, As sheun on
Figure 2, thsre are two gsolutlons peossiltle.- 3

12
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“he first solution i1s the so-called serics connection,
vrere we maintain the voltages so that the velooitis; of the
ions and electrons are practically identical. We may agsin
ne;lect the slsctron participrtion in the drive power; nnd thuc,
we e

2
N' - nio‘ .vi

12,0608 . 1030 watt, (16

If tho acceleratin; apparatus is of parallel connection,
then the power i3 given by the following fomula:

. 2
hp - ni.A.w1

T.028% . 1020 wat+, 1?7)

This formula appesars ‘o prove that we have a bigger
+ (twice as muoh) drive power in thi: case. This is, however, a
i false conclusion, because in this case the accelerating voltage
i of the electroms should be increased to an extraordinary extent.
Since the aocelerating voltage determines mainly the electrical
power requirement of the accelorating apparatus, we quickly
I arrive at an economical limitation. Accarding to present Aay
investigations, the seriss connection proves better in every
¢ case,

' 5) More Important Relationships for the Ion Rocket
i ngine

From the atove discussed relationships, we can derive
. the calculation charsoteristics, by means of which the ion rocket
.*engine may be oompared to the classical rocket, and some tect.-
i nical design data may be established., When the most impotrtant
characteristios are investigated, the following dats may be
i defined:

a) specific power referred to unit weight of the (entire)
rocket,

b) speoific thrust determined by the maximum reaction
force resulting from 1 kw input power,

13




, o) specific propallant corn: mption

d) speocific L.pclse, that is, *hrust expresced in kp,
w~ich is gained from consumption of k kp/sec pre-
pellant,

e) mass ratlo, etc,

: All these characteristles are in fact dafined by “he
factors as follovs:

a) the weight of the rocket

b) the spacifin thrust cf the rocket (thrust per weight
or thrust per mass, resyectively)

f o) the accelerating potential

, d) the atamioc weight of the propellant as quantitative
charaocteristic of the substance.

Wnen we look for analogy with the classical chemiocal
rockets, we find that the accelerating voltage approximately
correspends with the temperature in the engine and the atomic
veight with pressure in the combustion area of the engine.

First, let us express the power of the propelling stream
in terms of ma3s, acceleration, anl discharge velocity:

N '—% Mawy . 10-7 watt, . (18)

We can again here neglect the power of the electron cur.
rent or, in case of detall analysls, we may take it into account
" by putting a correction term into the power expression for the
i ion.
}’ If the weight of the rocket is

GmM,g (19)
and the accelerating thrust is
PmulM,as, (20)

then obviously,

i m & owm .
2 - ¢ . (21)
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" where the latter coeffisient gives the ratio between the effective
acceleration and g (new we refer again to Points 1 and 2).
Taking ferrer results (including factor o ) into nccount
ve arrive at formulas (22) and 23):

g - "‘1'10-7
2 : (22)

" where the power is given in watt/gram, or

! B owa ¥t hp/ip, (23)

P 2 . 736

rospestively, where the specific power is expressed in hp/kp.

The same ratio can be determined by means of accelerating
voltage, namely, if the same current i1s flowing through both
| acoelerating chambers (in case of series aonnection), the for-
mulas will be as follows:

' Y
l % = 0.0695 a - Wg (24)
A
N v
F o= 9.5 T hp/kp . (25)

From theoretiocal investigation it is clear that should
the velosity of the ions and electrons be the same, then the '
ocorrection factor is equal to one and the puower to weight ratio
| 1 minimum. If we apply, however, the same accelerating voltage
1n both systems, then the power to weight ratio is double, fur-
*thermore, only the rocket with series connection is feasible.
This alternative is the more favorable one fram operatioral and
other viewpoints It is also to be noted that in case of a
series arrangement, the currents are smaller; thus, the perti.
nent iren and copper losses are also smaller,

The bigger the thrust to weight ratio is, the bigger the
| power to welght ratic will be; this is understandable, since
' bigger thrust i1s achievsble only at the expense of feeding in

|
; greater rower. Moreover, the square root of the ratio of the
!

. acceleration voltage to propellant atomic weight also has a
part in the abeve equation; with other data on propellants

P @ et i e e 8 S £ - e A e e irhoe S i 4 o i S - S e m —— > 3 o e P A = S———ta = ——
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thought of as l:ela jenerally useful in ion rockets, this is
2 Al s N

Table 3
come Important Characteristics of Ion Rocket

Propellants.

Accelerating voltage is V = 12,000 v,

Substance Atomic weight, A V/A Ay VA 44/Rg
l A/kp
Bydrogen (H) 1,008 12,000 116 820
Cesium (Cs) 132,91 90 1265 54
 Orantun (0) 238,17 50.2 1645 41,4

; Since, in conformity with formula (24), the power to
- weight ratio is proportional to quotient V/A, it 1s therefore,
worthwhile using elements of heavier atamic weights as a pro-
pelling substance., The ions of uranium U-238 (in single-ionized
state) f.e. oould produse theoretically a 15.4 times zreater
thrust, than that of a hydrogen propellant. .
We have already determined the value of the thrust, Now,
' using the terms of the accelerating power and the accelerating
.roltage, we arrive at the following formula:

Pwillb,39 . 8. l}_ dym. (26)
Vy

' If we relate the thrust to the unit power again, the form
' of the formula becomes cimplified as followss

A !
§' 1&.39V; dyn/w (22)
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& ]
t)

©
s - Iz !/ ne
5 / (28)
-
™o vaciprocal 2luz of this expressicn ls interssting
- 5 - - o Ve . O AT Ay 2 ‘¥ 1
\A--)o. d-c‘cc it : -1 -.1:.'.\’ {.&AH .‘.1."... '*!'J C. .\IV--vﬂ. ;n "‘at‘bs tc &'e il\trc.
'3u"°‘ ir ordor Yo achisr: one dyn or one 1P thraste The formula
ar
Je P vl a.. /A~
2 = 0,0600 d{drne (25
b o - -~ ) -~ - % ¥ -
2t iz 2180 -ea;' 2ron this equali‘ that the power cone-

sumpticn inereesses witl tho increasing ratio of the cccelerating
volta e to the atomie zreigh., of. the propellaut

..i.; fact “2ads us Lo the conclusien that the valuz of

L S
g2
-

rating voltaze has an econcmical maxiaun which would

.
~1dy worthwhile to exczad.

e
[0
B

“
aeh

have carlier derivesd -- in Sommalas (
ar-e velocitics of the lons and the el

uy, = 595.2 v, aw/sec "(31)

) and (12) --
trons. These

~
1°
ec
.
¢
we =21,387 ., 1C

G -}% onfcee (10)

ha/sec , >( 30)

the io.q streams (Tigure 2), and

¥, ® %505 Vve an/sec (12)

for zleocirons.
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LS aave

i Q, U SR ! ) S8
Yo detemine alsc the culpus current of the icu

nocket cagincs In cose of the serles comncctlon, the current
{3 fouing through boil tic loneaceeleratlng iad the glzctron-
aceelerating chaubers; its valus iz obviously
. - S : .
: . ; (')6\
L4 o4

"

e TR—
‘Ii + 7

TS all the relating quantitfes ere substituted and “he
elaction aceolerating chachsr 1 ajain neglectsd,” ihen the Jolloie
Ing. foraula gy be wrltion for the current {in amperss)s '

-

N = & - C.C6059 P
& \i4 L4
o . J 4
4 A Via ; : \33)

™ie above formula ic to be slightly modificd if the velo-
eity of the lenc and the olectrons.arc dilferent.
: In case of parallsl conaecticn, the aceeleratlng chauberc
require twice az wuch currant and power as thoze of scrises
conucction, 't the saw> time, houcver, the thrust ;ailn achieved
by means of the slectrons is only 1/%3 part of the thrust of the
- lon straaa. . ' ‘ P
I° wo axamine the Zom currcnt of an lon rociet englne,
then fraom *he preceding formulas it is clear that for a ziven
thrust the value of the output current will change with an order
of megnitude of 2, when uraniun instead of nydrogen is used as.
propsllant, :* the same time, ths use ol a Lieavier ‘propelling sub-
stanee alsc offers significant technical advantages.
+ us now calculate thie propellant consumptlion per seccnd.
To' do so, we have ic know partly the lon currsat and partly the
atomic welzht of .tlie propellant, Nancly, '

\

i w ? 3 >
.q.!_ = ﬂi.mi.ne olig 3 . 1C i! oh .
6.0:&’8 o 1057 o € (3“:)

In this fomuula Gy is the prepellant ccnsiagtion par
1 {g/zee, way Le kofsec), i is the current flowing
4 the ion chaxter (amperesy, and 2 is again the charge of
ectron. The consimaption expressed in CZCE units is as




)
NS

qh = 10(-\3‘: ° 10.5 . ii o A .:.;/5:00 "',‘)

If we return to the values of the take.off weight and the
specific acsceloration azain, then we arrive at the following
two foraulass

qQ, = 7.2 . 10-7 ., P % z/sec, (36)
qs = 7006 ° lc.h. 'J‘t-o c‘ P% . (37)

Aftor Xnowing the thrust and the propellant weizlhit con-
sumed per second, we may calculate alsoe the specific iwmpulse
of the propellant of the ion rocket engine. As a matter of fact,
here the specific impulse of not cnly the propelling substance,
but that of the entire engine is in question; accordingly, it
characterizes the quality of the whole apparatus. By means of
the formulas derived abovs, we may write:

Iy = P =17 Vi’- kpsee/kp. (32)
an . ,
Sinilarly for the electrons,
I, = 5.072 . 2% r'!,, kpsec/kp, ' (39}

”which ray be azain neglected,

: The abovz formulas make it clear that by means of the

fon rocket encine a very gignificant specific impulse can be
achieved (the reader should remember the ideal value I., - 40O sec
of the best chamical propellants). If the value of V/A"is 100
(which is the roughly-approximated case of 13 kw of accelerating
voltage when cesium is used as propellant), then the specific
impulse is 14,170 sec,, enormous value. If it were possible to
increase further the aceelerating voltagze, we may get even larger
values., It shall be noted, however, that the occurrent technical
difficulties are too biz, lest be the accelerating voltage of
15 kv exceeded (Figure 4).

%9
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Specific Accelerzting Voltage,V/A

Specific I:jpnllae,
I, kvsec kp
I3

Figure 4,

Specific Impulse versus Specific Accolerating
Volinges Initial Value is Avproximately 1400
kpsec/kps (Greatest chemical impulse is approx-
imately 400 kpsec/kp.

Figure 3. HE‘ ! *|
Discharge Velocity of lons -
versus Specific Accelerating ji"-"'—-—-—-—--——--- If———h—/
Voltage (=accelerating voltage/ . ¢
atomic weight). Initial Value :
is approximately 14 km/sec. I S i ot EER
! 'I"j _‘._,-«'f
i & /
i i
' '3 o g e

' Specific Accelerating Voltage, V/A

20



The current flowirg through the ion chamber is extraor-
dinarily large, It is of an order of magnituda of thousarnds,
even ten thousands, of amperes; correspondingly, the requirad
electrical power (the product of current and accalerating voltage)
can be expressed only in megawatts. This is one of the funda-
rnentzl problems in technically realizing the ion rocicet.

By means of certain sinplifying assumptions mainly
aiming at the formation of aeocelerating electrodes, uniformity
of their fields, etc., the density of the particle current may
be given as follows: -

1,19, &= 1 2e 1 _‘_’)3 ’
n a2 (ng ato)¢ - (80

Y

Here is ths current density (amp/em?) e and my are the charze
and the mas3 of the partiocle, respectively; V 1s the accelerating
voltage (volt), and d is the distance botween accelerating slec-
trodes. After introduocing the quotient V/A again, the formula
for curreat density will te of the following form:

Lo fv) 3
&= 0,547 . 1077 @2 (I) 2 Afen® (41)

The quotlent of the lon current and the ion current den-
sity gives the oross.section of the ion chamber:

4\ 2
¥ .':'« = 012,107 [P (?) an’. 2)

SAmilarly, we can detormine also the current density
of the clectron-accelerating chamber and the oross-section ratio
for the two chambers, '

We must also mention the structural difficulties: we can
not give the accelerating slectrodes the shape of a flat ‘plate,

-but that of a ring screen. This has its own diffioculties, since

in the case of extraordinarily big currents, the electromechani-
cal destructive offects of the particles colliding with the |
screen 1s unimaginably big. In additiop, there is also extremely
great heat caused by ,the collislon.

From formula (42) At is clear that the quotient V/d,
that.is, the intensity of the electric field, will also influence
the struoturs of the ion chamber. The aim i:s to ilucrease the

‘oléotric £ield to the limit of feasibility. It should be added

u .
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that in the elestron accel sratipg chamber, we may have electrode
distances aignificantly shorte¥ than those of the ion accelerw
ating chember; thus, by taking all the previous relationships
into oconsideration it is poszsible to have dimensions of the same
order of nmagritude for the electron.accelerating chamber, as
1\:011 a5 the lon aceslerating chamber,

l

6) Same Practioal Tata, |
|

The 1on rocket engines have been worked on for approxi-
mately a deeade, S5ines -~ in conformity wita the thoughts
discussed hereuwnto -- the theoretical background of these pro-
$olling tngigrl ray be elarified ty not too complicated relation-
ships, the flrst experiments have been recantly performed.

It 42 unfortunate that ths resylts of the experiments
performed on ion propelling engines are -. though understandably --
still kept in secreey. .

In spite of the fact that the lon rocket engines are
in all probability unsuitsble to perform military tasks, the
correspending development in the USA is financed entirely by

~ the military budget. In the Soviet Unlon, the investigation of
the questien is recognized as partly a fundamental research
nztter, but it is cbvious that it does not intend to issue de-
tailed 1nfcmtion until all the international lsgal problems
of space research are adequately solved.

It is lmewn that experimental ion rocket sngines producing
0.5 « 1,0 kg thrust are already opsrating in laboratories, T-ey
raquirs a oonsidersble ameunt of electrical power: thus, the prob-
lems pertaining to the investigations are mainly represented by
introdueing elestrical emergy, consuming it, ete.

We alse should not forget the fact that maintenance’ and
control over. the relatively high (12-15kv) aceelerating voltages
and the hundreds of amperes pertinent té the sbove thrust -
values is a fairly cemplex tasks requiring spacial equipment
generally similar ‘o that employed in short-circuit investiga-
tions of high voltage systems,. )

The essential requirement for the propelling engine is
stable, centinuous operation., This .is, houever, dependent ba
large extent en the ucolerating mlugo. In case of a low-
acoelerating voltage, 'the ourrent of the ion stream is relatively

" smgll, and & gonsiderable mumber of the ions suffer collision.

Proportieasl to the imcreasing voltage, the current also increa-
sep and soon reaches the limit value established by the capacity
of the ien seurge, The biggest current may be measured at appro-
ximately 5,000 V aecelerating voltage. By further iroreasing
the veltage, the ¢urrent tands to decrease and has its minimum

——— e st et by st s O —— — - —
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at approximately 12,0C0 V. Zomewiat hizher voltages Lhun this
shenld Le maintalned for stable operaticn, whoreby the current
is acceptably amall, The lattor can be further decrecased by
adequately shielding and coclin; the zoceleratin; ~lectrodes,
In a2ddition, the elecirodes shculd e o leocated trat *he Al.
rerpence of the cutflewing don sirsaxn 1s the smaller, tiereLy,
the damajing collision losses are prevented, Prom this point
of vicu, the ion stresm strongly regembles the outflouwing fluid
streem at the discharge orifice of the classical chemical rocket.

Ye know sbout cne datum reported on the value of *le
accelerating elpetric fiold intensity: the minimum slleuatle
value is 3, 10* V/em,

Y2 may ragard the following data 45 the most important
three charaqteristics of the ilon rocket ongine:

1) The ratio of the acccleratling woltage to the
ffective atomic weight (may Le mclecular
welght) of the propelling substance; that ie
the quotient V/A;

‘ 2) ‘The entire weizht of the fon rocket, M, or G4
respectively;

2) Finally, tge ratio between e thrust and the rocket
weight,

\

The Eesign datun on latter factor is around 10-3, pre-
ferably 10=%, '

The most practical propellant may be cesium, rubidium,
and perhaps uranium., Although information thus far repoerted
deals exclusively with cesium (which seems to te justified even
by the relatively small donization potentiel of thi:z metal),
the inveotigation may not exclude f.s. the mercury or the uranium;
it would be worthwhile to also examine otlier similar metals,

The actual design of the ion rocket engine -. like any
technical task -. leads to a search for compromise, Ve have te
finc the most rractieal und favorable ratio tetween the voltaze
accelerating he propellant, the thruct; and the weight of the

. whole meelsnisn, Thereby we may have optimum sonditions.lor the
specific pouer, the dircnsiors, the ueight, and the operating
tine, We can d:rive useful velationships by utilizing the fore
mulas of olagsical recket mechanies, siace we know that the
velocity change of the rocket {with previtationzl losues nez-
legted) mey Le given by the sc~czlled rocket formula of relativea’
ly simple form: : :



14 = & o o

4vnw.ln‘° 6 (43)

e

When expressing in exponential terms:

=g v : (uj;)

,we. 8t the retlo of the takewoff welght to the welght of the
empty rocket, which, 0an be expressed Ly means of the specific
;thrust faotor % (specifio aocclerntion% and whieh appeared
ipreviously in owr disoussion many times (the ratio V/A and the
;cporating time t of the lon rocket engine). Ve get the fcllcva
tihg formulas - :

‘

‘ Mo ¥ i

{ — " — " 2

! ¥ 1 Monqht 1.7.06 . 10-%, (- & a4 . t ("5)
i _ ' p v

From the previous formula we may caloulate also tre opers-
ting time of the engir~. This will vary according to how big
a specific thrust is rcquired (the smaller the specifi= thrust,
_Ethe longer the o). rating time); furthermore, it is lo:cer i the
~ ta,uoelerating voltage is inoreased, Shorter oporating time is

n8cessary, however, if u propellant with bigger atomic welzht is
employed, :

From our previous disoussion, there arises one basic
problem, whieh is not answered hers. However, the icn recket
ongine mounted on'a rooket will be feasible only when we have
sucoeeded in finding electrical sources with adequately large
specific powers. Only by means of such power sources czn we
satisfy the considerable energy requirement of tho iun engine.

7) Examples

The significence cf the application of the ion rocket
' yepgine may be dwmonstrated by a simple examplg according to Moeckel,

]
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let us assune that we want to cend a cpace ship wityr € ccen
in 1t for an exploration of Mars. The weight distritution of thic
spaco chip would be az follows:

Cobin and ity equipment 20 t

cquipment for the expedition
(inecluding auwxiliary

rockets, etce) 25 kY

food, oxygen, cte. (.5 kg/person/
day) L2
Total 9C t

I vardous progellants are now exanined, then the ctart-
ing welcht of the space ship with useful weizht of 2C ¢t will te
as follows:

1) Using a chezical jiopellant (Ig, = 300 sec), the
initial welght is 3,000 t if the rocket structure represents
only 5% of the total weizht.

2) Using a chemlcal "super propellant" with a capacity
of Igp o400 sec, the initial wei;ht of a rocket of cimilar
strucgural quality is 900 t.

3) In the case of an atamic-driven thermal rocket with
specific impulse IgpmCCO se¢ and thrusi to weight ratio = 1,
the initial weiglit of the rocket is LOC t, which might be de-
creased to 300 t by empleying generators of more advanced conw
struction.

L) Using an ion rocket engine with specific impulse Isp
,=10,000 sec, the initlal welght decreases to 180 ¢.

We chall not forget that flirst we have to have the space
ship comehow oriiiad around the Trrih, If we toke into concidera
aticr the Iast thit for puttirg 1 k> into orbitinz in en arti-
ficisl moon trolccoterr there Zs a 57-20C Lo oca-~rler rcocot reeded,
thern w6 can sce that the welihl decrease -~chleved bty ermploying;
an ion roclket engine might enable pu'tiny such a space ship
into ovtit, Thus, we may state that while the expedition using
a c.caieal roecket is unfeasible ascordin; to the present st-go
of tuchnicc, usirg an ion rociiet enzine already approaches reali-
tye.
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Followin, Lo Dlullding e, we aove in Talle & swamarized
the data on len reekets enmpleynd to perform some typical space
explocing tasks,

Data of Cpzceships Propelled by Ion Rocket fngines

4
(After Stuklinger)

Tosle bt Z 5 o E F G

I:'.‘j.tid.&

radohil : 72,0 13¢ 35 5.5  10.9 16 tens
Uoe 111

22 i lta> 6! 10¢C 25 ) ), 1
Pahrailiant

wel L Celh &7 17 192 2.8 549 Bl 1>
g ann

neicht  2.0% 15,5 19 o3 . 1.5 &4 6.2 °
Lecelerste

ing

iine C.03 C.08 C.17 L6 1.5 2.5 3 years
Foviexr 4 4650 5700 2790 450 200 190C ku
Thruat O.CE? 1600 1{:.? 1‘6.8 00?5 1036 1.? kp
Ion velow ' .

ok 5 8¢ £n 12¢ 120 180 200 kn/s

- Tinal

veleeity G0 & 20,5 ~2 50 1h4C 160 m/s
NG K e i U

zecelew )

ration  D.O5k 2,20 148 1.06 1,38 1l.22 1.16.10-%

~Voltage 200C RERS 2420 G050 10100 22200  28C00 vblt;

Ton , :

current 5 2000 2340 2200 A s o sy A8 anpere

i

I-zends A-Trajectory ccerrection of the artificial ,
woon, P - Trajectory modification of the i
artificial moon, C ~ Moon rocket, D - Mars '
rocket, T - Jupitor sounder, F - Saturn
sounder, G - .Interplanetary research sounder,



At the prescnt time orly the fundamental rasearch
15 in proyress in comncetion with don rccicet cngines. The basi
relatioachips previously discussed may be cupplerented to a cona
slderablo citent zad furth-r developzd toward zolutlons whiich
arc also technleslly mere or less reclistic, The few data
reperted herclefore perult concluding thatl those propellin:
engines might really keecaws useful means of Suture cpace recearcl,
Th2 {Lic requirerients of rela* .d developmental work ere to be
neasurec, aewever, rather in decades than jyears, with zpecial
rezerd to pertinent difficultlos of tzchnicsl, metallurzical,
cnergeticel, and other natures,
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