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FIRST LINE OF TEXT

FIRST LINE OF TITLE

S. N. PopOV

As is known, selection of the shape nd dimesions of an emission channel de-

terming, to a cons iderable extent, the desity of thePeeoted ourrent, tho utili-

sation factor of the working gas, the eletrioal efficiency of the source, end the

foousiAg of the ion bean. The anode of tie source, containing the ion-emission

channel, should assure oonsiderable dissipation of the-thermal energy vhich comes

Ifrom secondary electrons and from the electrons that compensate for the space char'e
I

,of the ion beam. Other reasons notwithatending, the limiting current of the ion

I tube is essentially limited by the themai strength of the anode of the source. T

assure intense heat removal, the anodes i high-currat ion tubes should be made

Ithick, i.e., instead of the ordinary emission opening we have an emission channel

whose length is several times the diaste. This latter fact changs essentially

Ithe selection of the ion current.

* At relatively high selection potentiole (usually greater than 20-2. kv), the

ion-emission surface or the boundary of 4ae gas-discharge plasma Is lociated within

the e--mssi chanl; hovever, the basic drop in jaOestU of the working gswa (t - 1

-4 -----
pressure drop between the ion source and Iie region of the ion optic) takes y el

4a- e2ohannel. This considerably oompliates a theoretical exmination of Aw-

process of ion-courret selection. _
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- _Inthiork we give the results of ion investigation of the ion current as a
FIRST LINE OF TEXT

funoltion of the selection potential and tjhe geonstry of the massion channel.

1. Limiting the Ion C orrent by a Space Charge

The Child-Lenguir law Cli], known al the '3/2 law,' defines the limitin6

current density between infinite flat eleatrodes (the plane case) with an applied

potential difference V £a
...... .j=5.45.10-8d , -()

F:IRST LINE OF TITLE _where J is the Furrent density iL Ep/om,) V is the potential of the enode with

a

respect to the cathode, in volts; I is theo distance between electrodes, in oenti-

meters; and A is the molecular weight of Ithe ions which create the current.

In the case of a restricted cathode, i.e., when the cathode radius R d4 th,

total current I is calculated from the forimla

JI= 5 . 4 5 "- 1 0 - - ' M ' , RV(4) (R)~dI VA

where S is the emission area of the cathoie, in an 2 ; R is the cathode radius; a is

the Levintov correctio C £2) which takes i~to account the action of the field in the

case of a cathode of limited length. I

We will use the name 'hard cathode*1 when I is not a function of V in sqp.

(l) and (2).

When the electrio field interacts wilth a gas-disoharge plemna, the cathode is

a certain boundary surface of the plasma, which oves in space as a function of the

value of V ieIn this car it is convenient to call the cathode

elastic.

Kistemaker and Dekkor [3, 4], investigating a magnetic ion source, found a de

pendence of the solectod. ion current on thf applied selection potential in a form

to I. f( 4
__i , t3/2). On this basis th? athors concluded that the seleoetl ionI

hiikitrskdj iA limited by the spe charge a4 is subject to the 3/2 law. 2

G~bovich and Kuoheresko , 6 in a6a experiment using a device similar t
-- - -- _ - I - _-_--- - ----- - -- _ _ _ 0 -
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hai-of-Kiste LINE andTEeTke 3], showel that the value of the selected current

in not a function of the applied potential (in both works the selection potential

did Inot exceed 10-15 kv). On this basis the authors concluded that the ion current

in the given case is not limited by the sjpace charge.

In all these works (3-4 and .5-6] lhej experimental function I z f(V) was oom-

pared with (2) without taking a into aoccat, while the area of the emission opomi#

was taken as S and the distance between t~1e anode and the selecting electrode was

used an g.. Obviously, with an elastic o~thodo (in this oase, the emission srwface

of t he plam). the4 '/2 aw annL"ot be usedi with out taking into account I and 8 as

Ifun t ions Of V.
a

Fie.re 1 shows schematically the pouition of the electrodes in a system for

I selecting the current of an ion source. s.t I be the distance from the selecting

-e*ectrodo to the edge of the plasma. We will

oonsa.der that the plasmas which passe. from th

- emis~ion opening into the space between the

elec~trodes is in the form of a cone shown In

d Fig. 1 l* Such a concept is valid, since the

specie between the electrodes Is a region of

hig vacuum and, consequently, the path long Is
lig. 1. Diagram of the position of of the plasma components are much greater thao
Sthe electrodes in an ion-current se- Ilec0tion system. 1) anode of the the dimnsions of the system. We can state I
souroo; 2) selecting electrode of
the ion optic; 3) opening in the approxime ,'ly that the emission surface S is
selecting electrode; * - diaeter
ofteeisoIpnn;2-d. a circle formed by the cross section of the
tance between the anode and the se- I
looting electrode; D - diameter of plasma con with a plane passing at distance 4
the lower base of the Plasma cone;

1-j---d1stance from the selecting fo h eetn lcrd.Te zo
eplectr~e to the plasm boundary. riteslcnglcro.Thf36

Lb.A we got
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SFIRST LINE OF TEXT 3.7 . 1O2DlPa l-4'13

ith deotio = 3.7 . 1o-2 (D - 0) -1a'/ /,4-, ' (4)

a potential, in v; I Is the ion current, in aa

1 the distance from the selecting electiods to the plama boundary, in cm I is

Ithe distano between electrodes, in am; i n. the diameter of the emission opening,

in om and D is the diameter of the loew base of the plasna cone, in cm.

Figure 2 shov S as a function of v , determined experimentally by Gabovich
I

and :Kucherenko (5] (curve ), and the ma~e obtained from Formula (4) (curve B).
andS Kuhrak [5jE (curv A) a= the aim€=0. ra h a

The ecesary ataF)RS I OF i ILE ITho necessary data are taken from [5], vilz., 0.9 cm, z ca, and the valuel

of D was determined from the ratio of thel ion current passing to the receiver to

the current dissipated on the selecting electrode, and vas 1.6 am. In the oal-

oulations, a yas taken as unity, because of the

8 . ft that in the experiment [5] the dimension

of tho selecting electrode was comparable with

the dilmnsion of the plasma emission surface

4 /Le quite good agreement between the ox-

perim ptal and calculated curves indicates that

0 the i I current in the examined space in limitedYkv I I

by th space charge and is subject to the Child1

Fig. 2. Graphs of S1 vs. the s- Leng n. 1w.
lection potential. A - experi-
mental curve; B - calculated ourve.

2. The Boundary Begion of lasa& - The External Eleotric Field I

When plasma interacts with the wall *.n the near-wall region, a apsu6i-charge I

form (7]. The wall Is negatioly charged because of the eletrona Whose

-tempeature in low-pressure plasma is alVm higher than that of the iom, *le--1

the plasma acquires a positive Potential vith respect to the wall.

.---p can ahow 8that the drop In potential in tho envelope is defined bF,*eH
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FIRST LINE OF TEXT i
=kT. lxi ( m '
V1 2e II2rw,t)'

whee k is the Boltzmann constant; T is Ielectron temperature, in 0LC is the
I I

Ole otron Oharge' and a mi are the masels of the ion and electron, welpectively*.

The thickness of the envelope layjr in defined by the relatio=

=( kT'y 1 ~ \4_ . In _ (6)

where a is the concentration of ions in l he plasm; and h. is the Debe shielding

radius. .. . . . . .4.. .. .. . .... ..
91YIST LINE J)F UTLEpoetlFrom () and we geo the average 'potential gradient in the enaviope

£= grad V=(4.5nnfkT)''in (7)!!LI 2 ... .

We can examine the interaotion of p'ama with an electric field in the mn

way as the interaction with a conducting Ivall at a floating potential . In our

opinion, the difference is that the boundry of the external electric field must

be treated am an elastic wall which moveal under "pressure' of the plaima boundary

field (7) until the values of the field oF the plasa and the externaj field are

equal. The indioated fields are then proably matched until a single eletoric

field form outside the plasma. In such case, using the knokn selection current

we can determing, with the aid of (2), thI distance A from a certain L..Adisturbed

equipotantial of the external field to th plasma boundary.

3. The Role of t" -miion Chan-e

Let us examine an elemntary model oi a magmatic aro-sour oe for :ons (Fig. 3).1

Lt us aum that between cathode 1 and Ihe outside of anode 2 (reiam I.) there

Is such a strong magnetic field that diffusion of the ions across the aaeti I

Fi-e-ldSn be neglected, and further let uI assume that there is no ma=ntic Sfiil-d-

7 - 4 4

Sbetxoe the outside of anode 2 and the soleting electrode 3 (region -l). Tle __

snodvis at ground potential, and a potantiial V aI applied to the sel. ectinteloe--J

0 For V close to ero the plasm plonstrates into region II rght up to the

STOP HERE STOP HERE



selecting electrode. As V increases,

* a

the plasma will be ejected back into

the emission channel. In this event

there will be an increase in the boundory

L v-O density and the temperature of the .

plasma and, on the basis of (7), the

boundary gradient will increase. A

"further increase in V* results in a

rIJf LIVIC Tr Hr I L1 shift of the plasma boundary into the

Fig. 3. Diagram of a magnetic ion source* inner cavity of the emission channel.

I - calhodse 2 - anode; 3 - selecting
Seletrode. I - region of strong magnetil Here because of a strong longitudinal

field; II - region of very weak magneti Pe

field, magetic field and increased pressure

of the working gas, the plasma is pincbedl and assumes cylindrical form. Nov, in-

dependently of Va, and until the boundaryl shifts to the other side of the channel

T. and grad Va will have a value which, is apprximately constant and maxiaa

Ifor the given aro discharge. The area of' plasma-selection surface S will be pre-

served. Becaue a pinched plasma has this property, the maximum current density

ean be selected using a device that ssures a rapid change in the external-potentiall

gradient. The channel is just such a deoie.

The undisturbed potential and its grdient on the axis of the channel can be I

dscribed quite accurately [9) by the formula

S= Vo(l - tanonkz), (8)
0

whwe vo is the potential on the axis at the channel axisi k a1.32/a; R is th

channel radius; & is the axial coordinatel

I a grad v T -- =
....... Ithks at"theca-nel

~_1__gure 4 shows graphs of the field dstrbuticm at the channel a vs. 3 the

* T.41U52R. As can be sean, the field in t oa channel first changes slowly andi .lten--

Tdrops rapidly, 'nftr1 a s1ep barrier &6 it were Thi property of te
_ _ - - _, _ _ -_ -- _ - I - I - - - , - - - - )
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the channel is! vy oonvenient for selecting ions, inoi j
IT LI it makes it po sible for the plama. to approach the

region of the trong electrio field which, on the stren h

of (1), should! result in increased ion-current density.

Let us giin certain estimates. From (8) we an

show that the 4epth of penetration A of a certain equi-

' potential of tie undisturbed external field with v u vd.. 1
into the oha1 is proportional to R. On the other

•!NE.CF TITLE -!

Nald, it has en experimentally verified that the value

_____ I__ ,_ of the undistubed potential at the axis of the channel

z ciM input v° is albo proportional to R. We will consider

ig, 4. G~Wao~tht die - that the undisturbed potential vo hanges little on
tribution of an electric
field on the ohannel axis. passae of an ion current when the plama boundary is
1) R 0.04 am; 2) R = I i

-0.06 am; 3) R = 0.08 am; within the ohanel. This assumption was 'based on the -
z is the axial coordinate.
The arrow indicate possi- follorhg e )
ble plasma boundaries at factfs since thee is a strong magnetic

a field in the ession channel, the conditions for

current flow will be analogous to the casp of infinite electrodes, i.e., a a 11

12) there is no magnetic field in region 11 (7ig. 3), and therefore a 1 1, rsultlin

in a decrease in the potential drop* along the beam.

ThanI because of (2) and our asauwpt~ons, we can write

Sw * 4- R - (l.0)

P(R) (R)

through the- pinch cross section.

_11t us ea imte the dependence of thi utilization factor of the vorkingga_

on--tho-channel radius. Since in the case! of a low degree of plasma iaoizati-(-n-

ion souces the degree of ionization does!not exceed several per cents) the gas

STOP HERE STOP HEUE
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FIRST LINE OF TEXT

,,- I p(R)

F From (10), (i.), aM (12) it is evident that with increasing channel radius

the ion current should increase as R3/2 if O(R) is increased correspondingly,

-1/2while the current density and the umeabiity of the gas should decrease as R

4. The liperiment

A I
We have given a detailed description of the experimental apparatus in a pre-

SiTuor ppr:1) R j5 E OF TITLE n w
vious paper [10]. ARLE ue, as our ion source, the Ardenne duoplamatron £11] with

ohanges in the region of ion selection. The anode of the source was a copper diso

3 ~ thick, cooled with running water. Te experimeuts were conduoted for R =
- 0.04, 0.055, 0.06, and 0.08 am. Tbe io source, focused by a unipotential

electrostatic tens, was meuasured on the reeiver (a Faraday cylinder) by the oaloriL-

etari method (12]. The selection of the ion current on the electrodes of the ion

optic was menuxaed [131], and at Va - 25 kv was negligible.

Figure 5 shows the ion current at th6 receiver, I, vs. R when Va = 60 kv

and for an aer-souroe of currnt 'a = 1.41 amp (curve 1). Curve 2 was construoted

in relative units without consideration O3 (uniform cross-sectional dansity)l as

the base we used the point for which R a 6.04 cM. It can be seen that curves 1 anD

T 2 diverge sharply with increasing R. Thel average plamma density vs. emission-ahan,,el

radius (the function 13(R)) was determined experimentally [10], and is shown in Fig.

5. by curve 4. Curve 3 was constructed on the basis of curve 2. taking into aocount

13(R). It can be sean that the experiant l and calculated curves wea in qpite gocd

agreement.

t was to be expected that am the current of the duoplametron arc inoreased,

in addAition to an increase in 13(R) there would be a corr eponding increase i athe

tput2 ion currant; however, attempts to prove this gave negative results. For-

war"l with focused arc eurrents It is n~cessery to increase the pressure cof thSi

STOP HERE STOP HERE
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1'FIRSTinE-gF -in- th.e duoplamatron; this repulted in increased gas pressure in the
FIRTLN OFTEXT

* ion selection gap, due to which an arc diiohargs is Ignited between the selecting

eslectrode and and anode of the source. Bleoause of this, the maximum arc current izL

our experiments vas 1. 4 amp. I

I 2"

* ~I

Vkv

Fig. 6. Output ion current T
R.C vs. selection potential Vs. 1)

R.CM R = 0.04 am; 2)R = 0.06 am;
ig. 5. Selected ion" current I vs* 3) R . 0.08 am.
R for V = 60 ky. 1) experimental

curve; 2) dependence calculated from Figure 6 show. Ir Va. V for various
the 3/2 law; 3) the sine, taking into a
account 13(R); 4) distribution of ion- IR. As can be seen$, the dependences firs
current density at the plain boundary

j1(B). lincrease, and then saturation sets in

due to the finite missivity of the plamna for the given arc current a From

the Talus of the saturatin currents, on he basis of (2), we can determine the

lostion of the plaisa boundary at the stort of emission. The value of v wasI 1 0

determined using an electrolytic bath, anj was 3.6, 4.5, and 5.1 Icy for openings

IR 0.04, 0.06, and 0.08, respectively, vth Va = 60 kv. On this basis , d . 0.06,

[0;08P Ud 0.10 am, respectively. Since the thickness of the anode was 0.3 o----

it eji--is -ms:emsian:L boundary, as can be een, was within the emission channi--
hus-__v can use tU eaissian-bannel cross-sotional area as the pl)asa-emisfir

0
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- ,Letus Aaloulate the plasma density in in the emission channel. The ion
FIRST LINE OF TEXT

current in the emission channel is defind as Ir = nov aswhere I is the measure

jion lcurrent at the receiver; vi is the m sn directional velocity of the plama ionm

L-is the electron oheri; and S is the emlission channel crosa section. Then,

n, 4.5 112 r,

i lin amperes; v9 1  v [14]; n is /=3 3 and 3is in c 2

From the aurvee ir. Jig. 6 we get no  0.6.5 to 1.2 • 1013. obm's formula [7]

gave approximately the same results.fY ST LINE OF TIT 15 O0
Taking no z 10 and To  1" the basis of (7) we find that the poten-

tial gradient at the plasma boundary shou d be X 20 kv/cm.

In Fig. 4 the arrows indicate the polition ol the plasma boundary according

Ito calculations. As can be seen, the boupdaries are positioned for a value of

W 10 ky for the undisturbed potential. A disturbance of the external field re-

ult. in a change .n the potential gradiehit to a value defined by (7).

On the basis of the foregoing we oaq draw the following conolusions:

1. The ion current selected from a Plasma source is limited by the space

charge. 
I

2. The maximm ion-our, nt density 1er emission-ohannel croa section is

attained for those values of when the plasma-emis ion boundary is within the

emission channel.

3. Knowing the distribution of the leverage plasma density in the emission

channel, and the electron temperature, weo can calculate approximately, on the basid,

of M (10), (11), and (12), for given R, the value of the selection a r5et _r'

the-o.urrent density in the emission chennpl J. and the useability of the vor iag

'II _ _
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-1 m -woldike to thank V. 1. Krasnovhkiy for partio pati in all the expert-
FIRST LINE OF TEXT fopescpaj a. eepri

1111a B. IL. Shembel' and 1. 1. Slivkov for their support and helpful advice, and

• . ID. V. Koarstikov and N. V. Pleahivtoev fo their help in the work. I.1 I

1. 3. Langmuir. Phys. Rev., 2, 450 1912.

2. 1. I. Levitov. Dokiady AN 33,M 84, 1247, 1952.

3. T. Kistemker and D. Dekker. Phuioa, 16, 198, 1950.

4. ;. Kistemeke . -Physica 16 -209 -l-950 ...............
FIRST LINE OF TITLEI

.5, ii D, Gbovich and Ye. T. Kuohe nko. Zhurnal Tekhnioheskoy Fziki, 26,
996, 1956.

6. ibid., 27, 299, 1957.
7. D. Bobm. The Characteristics of Eleotrical Dicharges in Manetio Filds.

New York, 1949. iI

8. P. C. Thonan and 1. i. Herrisoh. AIE, GP/R, Harwell, 1958.

9. F. Gray. The Bell System Teohni~al Journal, 18, i, 1939.

10, S. N. Popov. Pribory i Tekhnika Sksperimenta [PTE], No. 4, 20, 1961.

S1. K. Ardenne. Tabellen der Xlektr4nenpysik. Berlin, 1956.

12. V. A. Yegorov, D. V. Karetnikov, land S. N. Popov. PTZ, No. 2, 1960.

13. .S. N Popov. Mt, No. 4, 69, 191.

institute of Chemical Physics Submitted
Academy of Sciences of the U1SRMoscow October 17, 1960.

-5 5

4 -

2 2
1-- - 1 - -

t ,) 0

STOP HEE STO-P HE.E

IM474--4351+2*



DISTRIBUTION LIST

D3PARTh3N 0F DIFINSS Nr. Copies MAOR AIR COJ4AWIPS Nr. Copies

ASC? 1

ABO 1
HEADQUARTERS USAF ASTrA. 10

A~I-3D 1 D-Bla .3

SSD (SB?) 1
ASD (DC?)j 1
ESD (EY 1

OTHER AJJINC3318 AFMC(PM) 1

CIA 1AI'SWC (swy) 1
NSA 2 AhFTC (PTY) 1

OTS 2

RAWD1

T1'D-1 '- 62-435/1+2+4 12


