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TriS ION ROCKET 

- Hungary -

[?ollc*.:inj L; the trraiclaticn of an cr t ic le by rrno 
!!ajy in """'Vil (̂ "4* ̂ i c 3 F-eviav), Vol XI. No 1 
.^aicst, 1>&3., ̂ e s ^-12.1 

1) Coc'e Introductory F.ercarks. 

Tv-n the piiysicists and engineers who dial with cannon 
rocket engines end the profecsor who teaches the principles of 
roekct notion always e:iCOunt:r the probler.o pertaining to di--
ferci.t unit systems. Ttiaro are few areas in modern physics and 
teciinicc :i,cre the confusion around th"! units of mass and force 
(weight) area; significant as in the field of rocket engines, xt 
is not without reason that a -reat number of rocket technicians 
calculate constantly with specific impulses (IT. or I . J , because 
by these characteristic quantities, the units of weight 
and not those of nass may be used in the basic equation of roc.;ot 
IMO ttlou. , , , . . 

Tho vclL-iaotm basic equation of rocket motion is 

P = at • w - £ • v (1) 

•/acre F is the thrust (reaction force). A=dn/dt is mass consump-
tion -er -econd (the macs of the propellant thrueted out in unit 
tiae)*Siid u is the (relative) velocity of discharging this mass. 

knowing that in = 3/g (the mass is the quotient of the 
wi ;ht rxd tho gravitational acceleration), the former equation 
nay"l>e written in the folio; ring form: 

Q • 1L. l . I i (2 ) 
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where the lees oC ;;cight p̂ r second (the weight of propel-
laiit discharged in unit tLu«0, is involved. Cn the other hand, Oie 
cuc~-nt v/g represents the sp-cific impulse I; mentioned previous-
ly. Thereby th? introduction cf tho specific Impulse succeeds in 
relatir̂  the equation of the thrust to the weight of the propellant. 

The qu-cticn, "'fcy a calculation with propellant weight and 
not the ̂ ass is ..iorc practical arises frequently'# This question 
is ccnsiJ:rod to be even norc justified, since in above equation 
the sp.ciel ecrth-lov-1 value of 0 appears, while the mass unre-
lated to tho gravitational acccleraticn :aay be considered as in-
variant quantity. . .. 

-yen if the originators of above objections are theoreti-
cally* rî lit, \:c have to take into consideration that today (and 
presumably always in designing space researching equipment) the 
designer, especially* tho decider of the carrier rocket, is in-
tQr$stod not in the » but in the weights to be lixtGd froa 
the earth and to be orbited on a given course. In the course of 
final circulations '.re have to return in every case to the weight 
and the force; therefore, it is practical to nodify in advance the 
expressions derived froti tho dynamics of a point of changing mass 
so tha* in these possibly consistent systecs the weight and not 
th" _.rcs is involved. *..*e should repeat that this is a require-
ment of practical work, but it is by « * « rational, for it 
eases the clarification of the relationships and eliminates 
the sourcc of error in conversion# 

This is all the aorj necessary since, when turning from 
the ucc/anics of ccrr.on chemical rockets to the electrically accel-
erating propelling systems, the problems related to measuring units 
will be nultiplied; this, on the other hand, introduces into the 
calculations constants cf the most diverse and frequently the most 
-unusual fo.rc. , , x .. . . , 

In the following discussion, we can net arrive at the ideal 
situation, '".at »e can do is to show in every ease the modifi-
cations in the conversion of COS and technical unit systans from 
each other, and thus illustrate with practical problems how many 
labyrinths and sources of error there are in dealing with different 
aJs;ed-unit systers. 

2) The Crisis of tlie Classical Rocket t 

t>cfore elaborating in detail on the topic of our study, 
ve have to answer one other question: why do we need these, pro-
pelling systems, rtlich appear today as still exotic? 

Ve -uct state cate-odsally that these propelling mecha-
nisms are not suitable, for solving the problems of present space 
res®arch, •"Verythiac: that is being realized in the space around 
ou-Vrth and in the neighborhood of the planets of our solar 



syeton and that which  ».'ill cctne to realization in the rolle.in,, 
years will still remain within the possitllitin--. of the chenical 
rocketsj furthermore),  the chemical rockets even provide a bettor 
solution than any other more advanced propelling mechanism. 

We shall not disregard the fact, however,  that pr^3r;nt,ly   — 
and probably during the decade of the i96013 — we have and will 
arrive at only the be tinging of the introductory chapter of 
spao« research; the already-realized achievomonts,  though Pi^ni- 
ficent, and the outlined problems of near future,  though inspir- 
ing, do hot yet represent real astronautics, literally, space 
travel.    These are merely minor scientific exploratory ventures, 
the magnificent results of which will servo as a foundation for 
yet more magnificent achievements in the future. 

In the preaent and future tasks of space research, the 
astronomers heve only a secondary role,  at least in the long-term 
planning of the ventures.    However, at th^ monent,  when we wish 
to arrive safely through space to the moon and the two neigh- 
boring planets — in our view this is the very basic problem of 
the space research of tills century — astronomy will not be theo- 
retical anymore, but will bo converted into a considerably prac- 
tical aolenoe, almost astrot3chnlc3, and the cooperation on the 
part of astronomers will need to be much more basic  (and flexible) 
than that of present time. 

As much as we can see from previous investigations, it will 
be charaoterlatlo for future tasks of a really astronautical cha- 
racter that a new component •.111 bear much more significance 
than it does at the present: namely, the useful constellation, 
that is,  the mutual space position of a home planet (the earth) 
and a dectination planet (e.g. Venus, X.oon, M^rs).    It is also 
obvious frora the studies that exploratory spac ventureu can be 
achieved ouly at the cost of onorr.üas time looses,  at least for 
the time being, while wo ain at solutions of minimum energy. 
The starting sohedulu of thn space vehicles will also bo in- 
fluenced by what we want to measure und whether we want to place 
the perlgcum point of the course for c: longer period on the semi- 
globe with day time,  or on th? semiglobe »rith night time.    With 
regard to the? previously mentioned space con' tellation, when start- 
ing a moon rooket,  the perioJ within which tho success of the 
start has any chance will decrease to approximately a quarter 
of an hour,    Even in case of mi earth-to-raoon trip,  it might be 
necessary to wait for a few hours or days, especially if we are 
restricted fran the viawpoint of th^ starting place, the time 
of starting and arrival, or f.e. illunlnation circumstances. 
This is valid to an increased extent for a Mars or Venus expe- 
dition. In this case, only a few days of the year are suitable 
for starting; after arriving at the destination planet there is 
a longer wtltlng poriod needed for the space ship to roach again 
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the favorable oonatollotlon required for üi^ return. 
We might itate that in real r.pace travel these ti-ne loacec 

will detonaine the foaslble or unfeacll-le character of the whole 
venture.    This moans that we have to alter oar Ideas on tino; 
thus, In light of the mutual relationship between the course to 
to traveled .and the tL-no, our deal^n concepts relating to velocity 
and consequently to aocol3rati.on are to be con^ld^rcd different- 
ly,  tlian those ue liave been accuotiurd to during previous spac»1 

experimenting. 
This will result primarily in choooiri^; th»1 scalo of the 

maxinun and practical accoleritionc differently than that of 
fom::/ cxporimervts. It i: worthwhile to mention that an ar.tro- 
nautic carrier rocket starts ^^norally with an acceleration of 
a « 1.1-2 rj  then,  the aoceleration suddenly ineroas^D iue to the 
consumption of the propcllint.    Cup osine a taac ratio 6:1 be- 
tween initial and final maascs of a jiven rocket stay«,   th'-n — 
assuming constant tlmict for the rocket engine --  the final 
acceleration would bo six tines th- iriltial on".     Therefore,  it 
is not surprising that present day aotronautlc;il carrier rockets 
have a final acoeleration of b~i t; in the first ^taje ana 3CJ;0 g 
in the final sta^e.    The latter facts are to br  specially con- 
sidered wiiön wc varc ooncomed with manned rockets or satellitPa. 

Wo shall not forget that in the cat,« of present day roc/.ets 
the entire acceleration period lasts for a few minutes at the 
mostj tliia is follovod by flight on a gravitoMonal trajectory. 
This solution suits the endaavors anc3 conditions aimed at minimum 
ener^jy. 

However, at tho noment, whei» tho cpace travelers have 
ample time to achieve acceleration (in case of a i*eal :;pace- 
explorlng venture), the former statements are not valid any 
more and the value of allowable and practical acceidration can 
and shall be selected in an entire different manner. 
« 

Tible 1 

Final veloolty versus acceleration and accoleratinr: 
time 

ve   = f (t,a) krv/s 

r&t. 10 m/si!    1 .r./t> 0,1 r./s^ t,t\ n/s'^ ^.CvM .r./s^ 
t        -^c -c,i;:       -c.o:! / «.O.OOl G     -O.COCl g 

Illy ^ ^ ^ C7^ C,C36 
1 week 6,000 60C 6C f C.6 
1 month 26,000 2,600 ;?6C 26 2,6 
1 year c 30,000 3,000 300 30 



■I- 

We havo ^iven the final vclocltiea Vy (in Icn/atc)  in Table 1 
whloh, depondlng on the acceleration, will be reached at the ond 
of th^ indicated acoelerating period,   As it is shown, in case of 
an acceleration of 1 E and an acclerating time of one year, even 
the velocity of light could be reached theoretically,  if rclntiv- 
iotio relal-ionahips are neglected.   Wo will not need this, ho-rf^ 
ever, for a long time. 

Until we are engaged In tasks of an astronautlc character 
as mentioned before, thora will not be necocsary a total velocity 
increase bi^grir than     #v-30-^ 60 km/sec, which would meet the 
requlranenta for reaching the escape veolocity, establishing a 
stable circular orbit around the destination planet, performing 
occasional landings and take-offs, and furtherr.ore,  returning 
into the atwOBphere of the earth,    dy means of Table 1 the mag- 
nitude of effective aocolorations to be applied according to the 
allowable aocoloratin); Tine may be determined. This Is shown in 
Table 2, whoro wo have summariaod the accelerating tines for a 
total velocity Increase of     AV «30 lan/sec (that is,  for the 
case of a Moon expedition with one landing or a Mars expedition 
without landing). 

TSible 2 

Accelerating times pertaining to total velocity 
increase 

A " ■ 30 «on/sec. 

i Acceleration, a Accelerating time 

few minutes, for special purposes, e.g. 
starting, returning 

Cl g few hour-; 

0.01 few days 

0.001 g 

0.0001 g 

one month 

one year 

V.'c can cee that inasmuch as accelerating times with an 
order of magnitude of a month and a year are .illowod,  the value 
of the offr-ctive acceleration does not need tn noro than one 
thousandth and one ten-thousandth g, respectively.    This fact 

5' 
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putj the IY\I olactrij propelling iiiccharl^ni .,;. r.i,   ■:\'..ii-:\j  -i.j 
ferent light and oalls attention to the fact that, we can and 
must oaloulato with thrust to niaa» and thrust to weight ratios, 
wholly' different to those we havo baon aocuatumed to with our 
present day rockoto, 

W{   moi' talk about the orisL, of the chenlcal rocket,  whore- 
as Isp »'+00 seo  (»kpcec/kp)  Is  th« practical upper limit which 
may over bo reached by moans of not the present day, but the con- 
tin^ontly best future rocket fuols.   We cannot expect an onergy 
liberation of more than approximately h kcal/^ from chemical ro- 
actions.    In this fisld only the introduction of so-called fro^; 
radicals  (e.g., use of atonic hydrogen) could brinK some improve- 
ment, but for tha time being,  sounding experiments only are being 
done in order to solvo the stabilization of the extraordinarily 
active free radioals  (e.g., by moanr, of deep cooling). 

The question of usin,; atonic ener,;^ al^o arises. The ato- 
mic reactor or any othar type of the ccntroll«! nuclear reactAons 
represent unllmit&d heat scurcor. 

The main difficulty arises from the fnct that the propel- 
ling substance Itself, the propellant, tiiat in,  the gas or steam 
dischargod by the rocket cngii««, ir simply unablu to pick up 
ener,;y of nore than a certain quantity,    ly increasing the quan- 
tity of tho introduced energy,  the tnnslational,  rotational 
and vibraticnal energ:; levels beccne gradually saturated; first 
dissociation, later ionizition occur.    After reaching this limit 
condition, the substance is practically not only incapable of 
ffcklrv; up icoro energy, but over/ state change results in more 
or less of an energy loss. After arriving at a state cotnpletely 
ionized, tho substance is Incapable of takins on more heat tner- 
gyj thus, it is in vain to try introducing newer energy quanti- 
ties, since the value of ttie discharge velocity w and the speci- 
fic impulse lap respectively cannot be increased.    At this limit 
condition the thermal rocket oecouos "choked up" as a driving rnv- 
gine and Is unable to provide exce ..: power for further accelera- 
tion, 

Sincö during this proesö the suVstance became ionized, 
it appears to be an obvious solution that v;e loo'- for sor.p sort 
of electT'lcal acctloration instead of Increasir.: the tempera- 
ture (that i:, increasing spociflc he.it energy')  In order to -icco- 
lorate th'" propellant,    Kod^rr; atomic phr/slcs has  [■-orfocuod these 
accelerations .'icthods to a larje extent; \.e rna.v f^nd a particle 
accelerator even in  television  tubes. 

The above concepts lead Icjically  'o various  typos of 
olo-^rical drive,  sjoh as  the ion rccl-.et en.-l.i.n. 
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3)    The Ctructurc cf the; lor, ?.ockct "^iiv 

The Structuro of an ion rocket engine Is shown In Fl^jur« 1. 
The sultably-Eelected propellant arrives from the propellant tank 

,   through the foedinR cyston at the ion generator with a procisely - 
detennlncd pou-or.    From the ion generator,  the ions enter tno 
ion aoceleratlng ch^jsvber (tho actual ion rocket engine), from 
where thoy aro dlschar^od, accelorkted in the form of a hlgh- 
voloolty ion stream.    The reaction force produced by tho dis- 
charged ion atroam providos for the thrust.    At tho sane time, 
electrons aro alto liberated in the ion generator. 

There is a proper energy source (e.g. an atomic reactor) 
.   necessary to feed the entire engine, and scroe sort of thermoae- 

chanlcal energy-converting apparatus (e.g. a steam or gas turbine) 
to transform .the heal of the energy source into power driving 

j   the electrical generator.    This generator uses up excessive 
I   electrons from the ion generator and feeds them into tho elec- 
•   tron acoelerating chamber, frcaa where they are discharged, acce- 

lerated in form of an electron stream supplying part of the thrust. 
It shall be also notod that significant heat losses, unavoidable 
in turbines» occur; they are to be dissipated by adequate cooling 
equipment. The tndlspensabley Important part of an ion rocket 
engine Is the chamber accelerating and discharging the electrons. 
lacking this chamber, tho apparatus, permanently loosing posi- 
tive lonp, would soon become negatively charged to such an extent 

i   that its farther operation would be impossible due to polarization 
i   effectsj the Ion rocket engine would break down.    It is, there- 

fore. Important that the eloctrlcally neutral state of the whole 
1   rocket engine and thereby the rocket Itself bs preserved'and 

continously re-established. 
I It 1B not the purpose of our study, to review all the tech- 

nical problems related to Ion rocket engines.    Therefore, here 
we deal merely   with aspects which are primarily physical, and 
do not examine purely technical problems pertaining to f.e. 

, electrical energy source, cooling, etc. 
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4)    Bnalo Squatlons of tha Ion Rocket Engine 

For an evaluation of any Jet propulsion engine, that Is, 
a reaction engine operating on the loss of materials dlcchar^od 
In the direction opposite to that of moveraent, th^ thrust lo  the 
most Important characterIstlc.    If the propellant utilized In 
the engine is on the "vehlolo" Itself, then in accordance with 
llowton* s second and third laws the equation of tho thrust Is as 
followsI 

Ma « P   *2/  n^.m^.w^ (3) 

where P Is the thrust (in dyns),  '.'. is the mass of the apparatus 
(gran), a Is the accoloratlon of the vehicle (cm/sec2), n^ is 
the nunber of discharged particles por second, wi Is the rela- 
tive velocity of the particles re'orred to the vehicle (en/sec), 
and mi is the mass of the partlrlos (sram). 

Thn quantities of equation (3), that is, the value of ni, 
m^L and w^, depend upon the selected propellant and the accele- 
rating apparatus of the engine. 

The simplest conception of the ion is to consider it 
as an atom with its electron shell deprived of one or more elc- 
trons.    In this case, the positive charge of the nucl.ous prevails 
and dctemined the electrical behavior of the vhole particle. 
For the sake of ülmpliolty, we consider in our rtudy only single- 
ionized substance| thus, we asume that the atom has Ir^t only 
one electron.   This asounption is In accordance with the line 
followed in present day experlinonts (cesiuii-lon rocket), but not 
necessarily acceptable for the propellant to be used In future 
ion rockot engines. 

If we are after the ion mass of a substance with atomic 
weight Af this can be readily determine-' \rf knowing the Avoga- 
dro number and the atomic weight (atonic nass number),  since the 
Avogadro nunber renders tho number ol particles in one grar.-aton 
or gran-molecule of the substance, respectively.    Thus, the maas 
of one ion of the propellant with an atomic veipht A is 

mi « ti - megram. (4) 
6,0248 . 10"^ 

By means of equations (3) and (4) tho thrust of the ion rockot 
engine may be expressed 

i.oll , 1053   ^(ne.we-n^-i), (5) 



U.ere r-i r.icZ -.u civ uû lers cf the ions and tha electrons per 
sec end respective, -'-.OW . 10̂ 3 in the so-called Avogadro 
nuiuter, is the. r;ass of in electron (3.1CC'i * IC-'-g)• anc^ wi 
aid wc. are the velocities of the ior.e and the electrons, re-

w*« 1"" ̂  CI1/ĉ ĉ  • 
~ ̂Ithcuju the clcctric&l charge of the particles die-

charged frcu the ion rocket, that is, the charge loss of the appa-
ratus per unit of tine, influences the clectrocSynaraic behavior 
of the :.-hol® rocket (due to induced charges cn metal surfaces 
and subsequent -Icctrical repulsive forces of various kind), . 
this problen will not be d:-:lt with here, though the more accurate 
calculation of the ccrrecticn requirements resulting from such 
seconder" effects would undoubtedly he interesting in the future. 

If vo take, however, into consideration the fact that 
the election vaP.se is negligibly cxsll. as compared with that of 
the ion, and that it, therefore, is extremely unlikely (even 
technically ̂ practical) to increase the velocity of the electrons 
in order to increase the thrust, then the following simpler for-
mula :aay be obtained for the thrust of the ion rocket: 

r = .':.;y.,w* dn, (6) 
A r̂ /V 1023 - * 

The nuriher of particles is obviously linearly proportional 
with the electrical current, since 

n = 3.1C- » - = C.2̂ ,103.3 . it (7) 
e 

-./here e is the charg* of an electron, that is, *K8029 . 109 elec-
trostatic unite, and i is the current. Hie above equation does 
not contain any more the coefficient 3•10' (more accurately, 
2,93-3 • 1C3'), which is necessary in order to convert the cur-
rent I ivsn in sa.peres frctn technical units into CC-SE units* 

The velocity of the discharged particles results from 
the change in kinetic energy; this kinetic energy increase is the. 
effect of the. electrostatic field. 

TS we assume that the particles started from rest, with 
zero ir.itisl velocity, their kinetic energy is given by follow-
ing formula: .• 

00 (3) 
vjf e 
' 1 = * GT-* 

«S 

v 
t 

J 

hence, we i^ay s p r e e s ' t h e discharge velocity 

10 
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wi f V cri/i ec, (9) 

vjhere V Is the potential difference acooleratln^ the particlec, 
m^ Is the mass of the Ion, and factor 300 Is again the conversion 
factor between CCSS and the practical unit systems. 

Qy substitutlnc the explicit term for the Ion mass Into 
former expression, the following formula is ^iven for the dlscharc^ 
velocity of the Ions: 

Wi   « 1.389 . 106 r; cm/sec (10) 

In order to verify that neßloctlng the mass and velocity 
i of the electrons does not affect the dynamic relationship of the 
I ion rocket engine, let us mention here that the discharge vclo- 
; city of an ion wlti. -ts' aoüs decreased by the mass of an electron 

nay be given as follows: 

1.389 . 10 
w^ •■ f-. 

- >r 
)l iSW* 
\ 

(11) 

1 where the quantity under square root in the nominator is 3usti- 
j fled to be taken as one.    Thus we arrived at fomdla (10), 

The discharge velocity of the electrons is given by the 
: following formula 1 

we   - 5.952 . 10?       fc" cm/sec. (12) 

Finally, the thrust expressed in the values of the acce- 
lerating potential and the current can be written as follows 1 

P   - m.39   . ii        f A . Vi   dyn, (13) 

where we may again neglect the effect of electrons on the thrust, 

11 



As a matter of fact, the negligibly* small thrust cf the 
electron is an •unavoidable- turdsn" which we need in crder to 
maintain the electrically neutral condition. 

In practise, it is necessary to hare a possible equal 
nunber or positive ?r.d negative char3as discharged in unit ti «. 
This condition is equivalent to having the sair.o current flowing 
in loth the ion accslerating and the electron accelerating chtsibei 
In thie case alsc the rrtic cf the voltages can he determined. 

• k 

— • — A, . a'O vi. »i IS*T7 
This value shall hs precisely 'established when determin-

ing the porsr of the prcpellin..; stress. 
Sines this study presvui.ee ideal conditions, in our dis-

cussion the £nsrjy requirement is aesnt tc be the net power re-
quirement which is to bs introduced into the single acceler-
ating chambers; this power is not identical at all :.ith the cut-
put po*cr of the electrical apparatus. 

Alien v*e transform cicatrical sner̂ y into Mnetic, the 
efficiency cf this action depends upon what type of particle 
accelerators we use, how uacceesful the jia'-ing cf the propelling 
icn streav. a practically parallel stream is, what losses 'ohnic, 
inductive, etc,) occur in the transmission sy steia, and what addi-
tional 1O:SG6 are caused by the collision cf th<, particles vritJ-
structural elements of the engine (mainly with the wall of the 
accelerating chambers)• 

T;iJ net accelerating power of the ior. stream discharged 
fra;. the chambers of the ion rockct engine is as folios0: 

n̂i.r;4.4 - rc.r,e.'4 J . lC.?watt 
\ •**-* 4 

where ths first term gives the powsr_ of I he icn current and the 
second ton.! givss that of tr*s electron current. The question 
again arises whether the second ter..i cannot be easily neglected# 
For the tiua being, wo shall answer wyes* to this quosticr. 

The value cf lh: actual poser nay be determined, depend-
ing upon shst ';li=ctrical ccsnecticn «e ra; employ for the icn 
accelerating and electron aecelarating chambers# As shewn cn 
Figure 2, there are two solutions possible.-

12 



The first »olutlon 1» the ao-called serlcn connection, 
where ve melntein th« voll»gpa so Ihet the relooities of the 
ions and electrons are prsctlcelly identical.    We may ijain 
neglect the electron pwllclp^tlon in the dxlv« power;  nnd *iius, 
we g«! 

SB    ■       ni.A.w^ 

12.C*^ .   1030    watt. (16: 

If the accsleratlnG apperatus la of parallel connection, 
then the power is glvon by the following formulat 

Np    ■   n^.A.w^ 

6.02^*3 .  1030 watt. (17) 

This fomuli appears to prove thet we have a blggor 
(twice as euch) drive power In thic case.    This Is, however, a 

>  false conclusion, because in this case the accelerating voltage 
i  of the electron» should be Increased to an extraordinary extent. 

Since the aocelerating voltage determines mainly the electrical 
'  power requirement of the accelorating apparatus, we quickly 
!  arrive at an eeonomical limitation.    According to present day 

investigations, the serlas connection proves better in every 
oase. 

5)   More Important Relationships for the Ion Rocket 
Ingine 

From the above discussed relationships, we can derive 
,   the calculation oharaoteristics, by means of which the Ion rocket 
* engine may be oonpared to the classical rocket, and some tecr.- 

i   nical design data may be established.    When the most impottaht 
|  eharaoterlstios are investigated,  the following data may be 
'   defined: 
i 

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

< b)    specifio thrust determined by the maximum reaction 
force resulting froa 1 kw input power, 
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IMP* **• 

a)     »p«olflc pro^llant cor^ nptlon 

d)    ipwolfla kpels«,   that, la,   thrust ^xprtas^d in kp, 
«♦■Ich 1« ({dln^d fro« oonaunption of k Wp/s^c pro- 
pallaat, 

•)    Bats rr.llo, »tc. 

All th«3» ch*rtoterlit,loc  ar* In ftel d^fln«d by  ♦-h* 
factors at followsi 

a) th» weight of the rocket 

b) the ipeolfio thrust cf ih« rock»! (thrust per w«l(^.t 
or thrust per nas»,  reBp*ot\7«ly) 

o)    the acoalet-atin« pctcntial 

d)      the ataalo weight of  th« propellant as quantitative 
characteristic of the substance. 

Whan «• look for analogy with th« claseical oh«aioal 
rockets,  va find that the accelerating voltage approximately 
correap«nds with the t«ip«ratura In the englM and the atonic 
weight with pressure 1A the caabustlon area of the engine. 

First,  lot as axpreaa the powar of the propelling streaa 
In terms of mass, aeoaleratlon,  and discharge velocity! 

s "-1    M a wi . 10-7 «»tt. (IB) 

We can again here neglect the power of the electron our- 
1   rent or, in ease of detail analysis, we may take it into account 

by putting a oorreotlon tern into the power expression for the 
ion. 

If the weight of the rocket is 

Q ■ M , g (19) 

and the accelerating thrust Is 
i 

1 P - M . a, (20) 

h 

then obviously, 

P - a 
Ö   g 

i -«(. (21) 

Ik 



wh«r« th« lattar OMffiolant giT«B the ratio between the effective 
aoo^leratlon tud g (new we refer again to Points 1 and 2). 

Taking ferror results (including factor oc ) into account, 
we arrive at fomulas (22) and 23): 

M w4.10-7 

(22) 

where the power is given in watt/gran, or 

|   -flr>V1    .     hp/kp. 
p 2 . 736 

(23) 

rospeotively, «here the specific power is expressed in hp/kp. 

The sane ratio can be determined by means of accelerating 
voltage, namely,  if the same current is flowing through both 
accelerating ohanbers (in case of series oonnectlon), the for. 
mulas will be as follows i 

M 

N 

0.0695 » t W/g 

-   91.5 I hp/kp 

(24) 

(25) 

From theoretioal investigation it is clear that should 
the velocity of the ions and electrons be the same, then the 
correction factor is equal to one and the power to weight ratio 
is minimum.    If we apply, however,  the same accelerating voltage 
in both systssM, 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 fron operational and 
other viewpoints     It is also to be noted that in case of a 
series arrangement, the currents are smaller;  thus, the perti- 
nent iron and copper losses are also smaller. 

"Hie bigger the thrust to weight ratio is, the bigger the 
power to weight ratio will bei this is understandable, since 
bigger thrust Is achievable only at the expense of feeding in 
greater power.   Moreover, the square root of the ratio of the 
acceleration voltage to propellant atomic weight also has a 
part in the above equation; with other data on propellants 

15 



thought of ^s belaj generally useful in Ion rockets, this la 
.,',r ... ^,0 . 1# 

Table 3 

^ome Inportant Characteristics of Ion Rocket 
Propellanta. 

Accelerating voltage is V « 12,000 V. 

Substance Atomic weight, A        V/A A. V/A ii/Pkp 
A/kp 

Hydrogen lH) 1.008 12,000 116 620 

Cesium (Cs) 132.91 90 1265 5^ 

Uranium (U) 23«.1? 50.2 I6U5 klA 

Since,  in conforrr.ity with formula {2k),  the power to 
weight ratio 1» proportional to quotient     V/A,  it is therefore, 
worthwhile using elanento of heavier atomic weights as a pro- 
pelling cubstaaoe.    The ions of uranium Ü-238 (in single.ionized 
state) f.e. could produce theoretically a 13.^ times greater 
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 
voltage, we arrive at the following formula: 

P - 14.39 . N . K dyn. (26) 

If we relate the thrust to the unit power again, the fonn 
of the formula boccnes claplified as follows 1 

1^.39 
^ 

dyn/w (27) 

. and 
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£ r< u «i ko/hn (2?) ?T — U .f •***/ ''A'* 
I i 

""ho reciprocal -alus of this expression is interesting 
also» Jlacc it renders th.. ^.nti*v or po.:er in tfatts to be intro-
duced ir. order to achi?;: one d/n or or.- ':p thrust. The formula 
fill be; 

5 = C.06?: y^" S/<fc-n. (2;) 

I'.; is also clear fron this equalit;- that the power con-
sumption increases with the increasing ratio of the accelerating 
voltaje to the atonic ireî ht of the propellaat. 

This fact load., us to the conclusion that the valu? of 
'the \ccelorating voltaic has an -:0c*.apical maximum which would 
bo hai'il̂  worthwhile to 2x0 s- 3d. 

h's ha .3 earlier derived -- in fers.TAlas (10) and (12) — 
the di;.ehar-s /elociti~s of the ions njad the electron. These 
arc: 

1.3?: . io« Jf .cc/see {1C) 

= 12.?? . to;/sec (30) 

for the ion streams (Figure 2)1 and 

v6 a 5.?52 . 1C? cm/sec (12) 

or 

v;„ * 595.2 yv6 km/sec (31) 

for electrons• 
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accelerating chambers; its value is obviously 

*• 

f*JO> 
. ii • — -• • kvw 

,Vi + 7* 

If all the relating quantities are substituted arid the ̂  
electron accelerating châ bcr is auain r»eglecto the folio;;-
ing. formula -AZ.J be wr itt?tt for. the current (in amperes) t 

H ~ • A 

c.c6:59 r 
A ^ Y/A I 

The above formula is to bs slight̂ - modified if the velo-
city of the ions and th- electrons aro different. 

Xii esse of parallel collection, the accelerating cha/iibers 
require twice as i.uch current and power as those of scries 
connection, "t the sair.D time, however, the thrust gain achieved 
by aoans of the electrons' is only l/'O part of the thrust of the 
ion stream. 

If we examine the ion currcnt of an ion rocliet engine, 
then from the preceding formulas it is clear that for a given 
tfcrust the. value of the output current will change with an order 
of magnitude of 2, when uranium instead of hydrogen is used as 
propellent. At the same tine, ths use of a heavier-propelling sub 
stance also offers significant technical advantages. 

Let us now calculate the propellant consumption psr second 
To do so, we have tc know partly the ion current and partly the 
atomic weight.of the propellant, . Namely, 

% 

'% 58 'V^W^e 3 « lC-'l̂.A 
** 6.C3W . lC#". e (3*0 

| In this formula* q, is the propellant consumption per 
secoali (g/sec, maybe kp/sec), it'is the .current flowing 
through the ion chamber (amperes;, and e is again the charge of 
the electron. The consumption expressed in CC2E units is as 
foll< 
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qh = 1.03S . 10--' . ii . A g/sec. \35) 

If we return to the values of the take-off weight and the 
specific acceleration a6'aint then we arrive at the folloicinj 
two formulas* 

Qh * 7*2 . 10-7 . p jfT (36) 

q s 7.06 . 10Jl "t-o • «C K * '.3?) 

After knowing the thrust and the propellant weight con-
sumed per second, we may calculate also the specific impulse 
of the propellant of the ion rocket engine. As a matter of fact, 
here the specific impulse of not enly 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 abova, we may write: 

Ili * P . » 141? ifT kpsec/kp. (3-) 
% ' 

Similarly for the electrons, 

lie " 5*°72 • 10* kPse°/kP» ^9) 

"which may be again neglected. 

The above formulas make it clear that by means of the 
ion rocket engine a very significant specific impulse can be 
achieved (the reader should remember the ideal value I5p - 400 sec 
of the best chemical propellants). If the value of V/A is 100 
(which is the roughly-approximated case of 13 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 accelerating voltaje, we may get even larger 
values. It shall be noted, however, that the occurrent technical 
difficulties are too big, lest be the accelerating voltage of 
*15 kv exceeded (Figure 4). 
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Specific Accolerstlng Voltag«,V/A 

Figure 4, 

Specific Iinpulae versus Specific Accoicrating 
Voltage.    Initial V.iluo is Approximately 1400 
kpBec/kp.  (Greatest oharaical irrpulse is appfox- 
Jjnately 400 kpaec/kp. 

Figure 3, 

Diseh»rge Velocity of Ions 
versus Specific Accelerating 
Voltage (■accelaratlng voltage/ 
atomic weight).    Initial Value 
is approxljtvately \k km/sec. 

Specific Accelerating Voltage» V/A 
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The enrr»nt flowixg through tho Ion chamber Is extrnor- 
dlnarlly l«rt:«»    It la of an order of ma^nltuda of  thr;>isands, 
evftn ton tlioustnds,  of ftmp«resj corrr^pondlngly,  the roquirad 
electrical povtr (the product of current and accelerating voltage) 
can be expr«afed only In megawattc.    This Is one of the funda- 
mental problws in technically realising the ion rocket. 

By nmans of certain slrapllfying assumptions mainly 
aiming at the formation of aeoelerating electrodes, unifonnlly 
of their fields, etc., the density of the particle current may 
be given as followst 

3 , 109 ,    ^ta      , .i ^ ^  / ^c, „ j ;    \   ± \3 ^c\ 

Here       is th>9 current density (amp/cm2) e and m^ are thf1 charge 
and the nass of the particle, respectively} V io the acceleratlni 
voltage (volt), and d is the distance botween accelerating elec- 
trodes.   After introduoljag the quotient V/A again, the formula 
for current density will be of the following form» 

., A   M 3 
^-   0.547 . IO"7   d2   \J)   *       A/cm2. [kl) 

The quotient of the ion current and the ion current den- 
sity gives the cross-section of the ion chamber: 

^   -   0.127 . 10-7       *   (11        am2. m 

Similarly, we car. determine also the current density 
of the oleotron-aooelerating chamber and the cross-section ratio 
for the two chambers. 

We must also mention the struetutal difficulties» we can 
not give the aeoelerating electrodes the shape of a flat'plate, 
but that of a ring screen. This has its own dlffioultles, since 
in the case of extraordinarily big currents, the electromechani- 
cal destructive effects of the particles colliding with the 
screen is unimaginably big« In addition, there is also extremely 
great heat caused by .the collision* 

From formula (U2) it is clear that the quotient V/d, 
that.is, the intensity of the electric field, will also influence 
the structure of the ion ohaaber. The aim is to increase the 
electric field to the limit of feasibility. It should be added 
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r 
that in the «leotron acctlsratitig ohambsr, w« nay have electrode 
dlstanoea »ignifioauily «hort«^ than thoB« of the ion acceler. 
ating chftaberf thus, by taking all the pre-rious relationships 
into oonsideration it is possible te have diKenaionc of the same 
order of aagtitude for the electron-accelorating chamber, ac 
well as the ion accelerating chamber. 

6)    Sane Praoiioal Tata«      j 

The ien rocket engines have been worked on for approxi- 
aately a detade»    Since — in conformity with the thoughts 
diacnaoed herettnto — the theoretical background of these pro- 
filing enginea nay be elarlf ied by not too complicated relation- 
ships, the flrit exp#rl)tents have been recently performed. 

It is unfortunate that the results of the experiments 
performed on ion propelling engines are ... though understandably — 
still kept in secreey» 

In spite of the fact that the ion rocket engines are 
in all probability unsuitable to perform military tasks, the 
correapending develojuent is the USA is financed entirely by 
the »ilitary budget*    In the Soviet Onion, the investigation of 
the questieo is recognised as partly a fundamental research 
matter» but it is cbvious that it does not intend to issue de. 
tailed infwmatien until all the international legal problems 
of space research are adequately solved. 

It i« known that experimental ion rocket engines producing 
0*5 - 1*0 kg thrust are already operating in laboratories. They 
require a considerable amount of electrical power j thus, the prob- 
lems pertaining to the investigations are mainly represented by 
intredueing electrical energy, consuming it, etc. * 

We alt* should not forget the fact that maintenance and 
control over the relatively high (12-15kv) accelerating voltages 
and the hundreds of amperes pertinent tc the above thrust 
values is a fairly eoaplex tasks requiring special equipment 
generally slnllar to that employed in short-circuit investiga- 
tions of high voltage systems. 

Ihe essential requirement for the propelling engine is 
stable, continuous operation.    This is, however, dependent t> a 
large extent on the accelerating voltage.   In case of a low 
accelerating voltage, 'the current of the ion stream is relatively 
small, and a considerable «umber   of the ions suffer collision« 
Proportional te the incroaslng voltage, the current also increa- 
sios and soon reaches the limit value established by the capacity 
of the Ion source, The biggest current may be measured at appro, 
xiaately 5*000 V accelerating voltage.   By further increasing 
the voltage, the current tends to decrease and has its ninimum 



at approximately IZ.GCü V,    2on*what hl^un* voltages than this 
ahr/ili Le maintained for stable operation, whoreby the current 
is acceptably small.    The lattor enn be further dccrGasH by 
adequately shielding a.nd ooclln;: the aocelftratin,^ ^Ifjctrodcs. 
In addition, the olectrodda ^hculj bft r.-o located that tb^ dl- 
•/crcenc? of the cut.flcv;ir.t; ion rtrc.^.r, is the saialler,  thereby, 
the dssia^lr.y collision IOSCOE are prevented.    From this point 
of view, the ion strewn strongly resembles thn outflovdnu fluid 
stream at the disohor^e orifice of the clas^lcnl chemical rocket. 

We know about one datvm reported on the value of the 
accelerating electric fiold Intensity:  the ^.inimam rjlc^'ablo 
«ralue is 3 . la1 v/cn. 

V/o may regard th0 following data as the most inpert^nt 
three charaqteristica of tha ion rocket online: 

1) The ratio of the accclora+ins voltage to the 
effectlvie atomic weight (may be molecular 
weight) of the propelling substance; that is 
the quotient V/Aj 

2) The entire weight of the ion rockc-t, M0 or G0 

respectively; 

3) Finally, tee ratio between tiit» thrust and the rock«t 
weight. 

The design datun on latter factor is around 10-3, pre- 
ferably 10-\ 

The moat practical propellant may be cesium, rubidium, 
and perhaps uranium,    Although information thus far reported 
deals exclusively with cesium (which seems to be justified ev«n 
by the relatively small ionlzation potential of this metal), 
the investigation may not exclude f ,e. the mercury, or the uranium; 
it would be worthwhile to also examine othtr similar metals. 

The actual design of the ion rocket engine — like any 
technical taak — leads to a search for coraproraise.   We have tc 
find the most praotical euul favorable ratio between the voltage 
accelerating tue propellant,  the thruct; and the weight of the 
whole aecbanlsm.    Thereby we may have optimum conditions. for the 
specific power, the divenoiors, tlva wc-ight, end the operating 
tinjQ,   We can derive useful relationships by utillzinc the for- 
mulas of classical rocket mechanics, since we know that the 
velocity change of the rocket (with gravitational losses neg- 
legted) mty bo given, by the ac-callcd rocket fonr.ula of relative- 
ly simple form i 



4v *> v. , In .^   . (^3) 

^•n «xprosBlng In eocponontlal toma: 

M0 AV 
(^0 

Mi w 

.ue.C.et the rRtlo of the take-off weight to the weight of the 
empty rookot, whlüh, oan be ©xpr«ssed bv fiiaana of the specific 

;thrust faotcr ««(Bpeoifio Aoceleratlon; and which appeared 
jpreviously in ovx dlscuaalon Kany times (the ratio   V/A and the 
icjperating tine t of the ion rocket engine).   VJe got the fcllcv;- 
\iiig fomulAi ' 

y w                                     i 
'"O '"O 
_ ■                 ■                                                • 
Ml ^'o-^h1        U7.06 , 10-^ . «. yi". t   (^5) 

Fron the previous formula we may calculate also the opera^- 
tlng time of the eagic'V This will vary according to how btc 
a apeelfio thruit ia required (the smaller the specific thrust, 
the longer the oj^rating time)i furthermore, it is lo.rar if the 
s^oelcrating voltage is increased.   Shorter operating time is 
'ntcessa/y, hovevsrt If a propellant with bigger atomic weight is 
employed. 

From our previous discussion, there arises one basic 
px*oblemt which ia not answered here.    However, the ion rocket 
engine mounted on a rocket will be feasible' only when we have 
succeeded in finding eleotrical sources with adequately large 
specific powers.   Only by means of such power sources cat» »■© 
satisfy the considerable energy requirement of the ion engine. 

7)    Examples 

The significance cf the application of the ion rocket 
eftgine may be demonstrated by a simple example according to Moeckel. 
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Let ua csauno that wc want to ccnd a spaco ship with C c.cti 
in It for an exploration of Marc. The weight distribution of thic 
spaco chip would bo as follo;:Di 

Cabin and itc equlnuent 20 t 

cqulpnent for the expedition 
(iricluding auxlllar:' 
rocUeta, etc.) 25 t 

food, oxysen, etc.  C'i,5 kc/perüon/ 
day) U^Jb 

Total 9C t 

If various propcllants are nov. Q:'UiLnlned, then the start- 
ing weight of the apace ship with useful weight of 90 t will be 
as follows i 

1) Usln^ a chemical ;.iopellant {Z5p * 300 sec), the 
Initial weight Is 3.0C0 t If the rocket structure represents 
only 5i of the total weight. 

2) Using a chemical "super propellant" with a capacity 
of I£n B^OO sec, the Initial weight of a rocket of clmilar 
structural quality is 900 t, 

3) In the case of an atomic-driven thermal rocket ',;lth 
specific Ipipulse ISjy«8C0 sec and thrust to weight ratio « 1, 
the initial wel£ht of the rocket is ^-00 t, which might be de- 
creased to 300 t by employing: generators of xore advanced con- 
struction. 

h)   Using an ion rocket engine with specific impulse I 
=10,000 sec, the initial weight decreases to 180 t. ^ 

We r.hall not forget that first we have to have the space 
ship ccoiehow orlited avcund the ^-rih.    If W9 t?ko into consider- 
ation the iict th;it for puttirg 1 1:,-, Into orbit?n~ In an arti- 
flc;\.".I mooii tro.'ertor;: there '.R a y?~Z0C lz carrier re>ct needed, 
then '.'6 can see that the weight decrease rchieved by er.ployiu; 
an ion roclcet ensino might enable pu'tln^ such a space ship 
into orbit.    Thus, we may state that while the expedition usin,; 
a ol.c.nical rocket Is unfeasiolo a'-^ordln; to the present stige 
of toclmios, usir^ an ion roc'.ict engine already approaches reali- 
ty.. 
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the dat^t on len rockets mployod to perform some typical space 
explorii'i^ taaks. 

Data of SpacGchip,? Fropelltd by Ion Rocket Engines 
(After Stuhling&r) 

Tccic » 7- S F   ' G 

Lii-tlal 
u'ty-hi ~ 72.r '05 5.5 10.9 16 tens 

U:;f,fui 
1,   n 50 100 150 1 1 1      " 

Proot-lLmt 
.  -.eij.;. 6.7 17 192 2.8 5.9 8.8 " 
2auij;0 

ueicht CO»! ■) r   r 19 93   . 1.5 4 6.2 " 
Accol&r&U 

ins 
T^ino 0.03 0.08 0.1? 1.6 1.5 2.5 3 years 

Power ^ 4650 5700 27900 450 1200 1900 kvj 
Tbrusl 0,02? 16.9 19.7 46.8 0.75 1.36 1.9 kp 
lor» völo- 

eity 60 £0 120 120 180 200 km/s 
Final 

volcclty O.-1^ 6 10.5 ?2 90 14C 160 km/s 
Initial 

accele- 
ration 0.0^1 2.29 1.^5 1.06 1.38 1.22 1.16.10-^1 

Voltage   100C- 2420 9950 10100 22200 28000 vb 
Ion 

current 2000 23^0 2800 .44.5 54 68 ampere 

T-:;endi    A-Trajcctory ccrrsction of the artificial 
laoou, E - Trajectory aodification of the 
artificial moon, C - Moon rocket, D - Mars 
rocket, 1 - Jupitor sounder, F - Saturn 
rounder, G - Interplanetary research sounder. 
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At thvä präsent time only the fundir.cntal research 
Is 1» pro^rosc in connection with Ion recket engines.    Tlie basic 
relatlonohipo prevloui;ly diocusoed may bo iupijlw.critrd to a con- 
sidez'sblo c::tnut and further developed toward solutions w!-iich 
arc also tccluilo&ll^ r.cre or less roclistic.    The fe*/{ data 
reported herctcXoro p«niiit concladlriu tliat thoao propelling 
nn^incj ir.i^ht really bcca..e useful means of future space research. 
The tiuo requirerienta of rolat.;d developmental work ere to be 
cicasured, hcrever,  rather in deondes than years, with special 
regard to pertinent difficultloj of t^cVmical, :aetallar0'ical, 
cnei'uctical, and other natures. 

10,yc --HD- 
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