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INVESTIGATION OP THE POSSIBILITY OP USING 

A NONHOMOGENEOUS MAGNETIC FIELD FOR THE 

FORMATION OF HIGH-DENSITY ELECTRON BEAMS . 

/The following is the translation of an article 

by Yu.V.Troitskiy in "Zhurnal fekhnlcheskoy 

Flzikl" (Journal of Technical Physics),Vol.XXX, 

No 5, 1960, pages 512- 521:7 

Given are experimental data on the influence of the 

magnetic field on the characteristics of the Pierce type 

axially symmetrical electron gun with a convergent beam. 

The gun is enclosed be^een magnetic screens of such a 

configuration,that the magnetic force lines follow the 

calculated electron trajectories. This system permits the 

formation of electron beams with a high compression and 

sharply outlined boundaries,since at some magnitudes of 

the magnetic field the influence of the thermal veloci - 

ties of electrons at the cathode is eliminated. The re -; 

suits of experiments are compared with the previously pro- 

posed theory. 



r introduction . 

in the previous article /l/ a system was investi- 

gated for the formation of high-density electron beams , 

consisting of an electron gun,located in a magnetic field, 

- the force lines of which along the whole gun length are 

directed along the trajectories of the electrons leaving 

the cathode with zero initial velocity. In this case the 

magnetic field acts upon the movement of those electrons 

of the beam only.which leave the cathode with some thermal 

velocities. In the usual electrostatic electron guns these 

thermal electrons,together with the aberrations are one 

of the basic factors worsening the parameters of the 

beam and impeding the formation of electron beams with a 

high compression of its area and a high conductance /2,3/. 

Location of the whole gun in a correspondingly selected 

magnetic field gives the possibility to decrease consi- 

derably the spreading of the beam,caused by the thermal 

velocities,and in some places along the path of the beam 

to exclude it completely. The location of these focusing 

points »where the thermal electrons shape  in a certain 

scale a picture of the cathode,can be determined accord- 

ing to formula (14) of article /l/ by the following 

eauality    •  -.. 
t 

&*\(-7i)>di==?*n> nÄ*•2*3-••'• •     (1) 
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Here ~ a 1 -ratio of the electron charge to Its 

nass; rk - radius of beam at the cathode; re - variable 

iistance of the electron,leaving the edge of the cathode 

vrith an initial velocity zero, to the beam axis; t- tran- 

sit time of this electron from the cathode to the point 

of the beam being examined  ; B^ - magnetic induction 

on the cathode. Formula (1) was derived for a paraxial 

electron flow with axial symmetry,basically laminar,with 

a constant current density in the crossection. For the 

derivation of formula (1) it was assumed that the magne- 

tic force lines go along the trajectories of the electr- 

ons leaving the cathode with a zero initial velocity,and 

therefore the axial component of magnetic induction Bz 

varies along the axis of the beam z per 

where re is a function of z . 
in connection with the multiplicity and seriousness 

of the assumptions made for the development of the thermal 

electron trajectory equation,and the determination of the 

current density distribution in the article /l/, an ex- 

perimental examination of the derived formulas is desira- 

ble, in the work A/ the beam diameter on the anode of 

ft Pierce gun with parallel flow (special case re~rk 

in condition (1) ),located in a uniform magnetic field, J 
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r was measured. It seems that from the practical point of 

view analogous measurements for a sun with convergent 

electron beam are more interesting,since this forming 

system enables us to achieve a higher current density. 

The methods and results of an investigation of a 

Pierce gun with convergent beam,located in a magnetic 

field.are described below, in this type of electron guns 

between the cathode and anode 75/ is created the same 

type electrical field as in the spherical'diode,and as a 

result of this the electrons after leaving the cathode , 

move along convergent straight lines. After entering 

through the opening in the anode into the space free from 

external fields,the beam,originally convergent,reaches 

its minimum radius rm ,and then due to its own space 

charge -starts diverging. 

The integral {(£)'*,  »contained m the expres - 

slon of the thermal ele'ctron trajectory and the condi- 

tion of focuSing(l),is calculated for the Pierce gun in 

the work of Cutler and Hines /2/. Substituting its value 

into CD we obtain 

JL* \vim = 2si»,   n = l, 2, 3, .... (3) 

Here   Sv   and   1.'.   -curvature radii of cathode and .note, 
U 



r in the equivalent spherical diode; ra -beam radius at 

the anode; Ua - accelerating voltage at the gun anode ; 

(_<*)2  - Langmuir - Blogett  function for spherical 

diode,dependent on the ratio of radii rk / ra /5/ . 

• Function $    -integral of probability of errors 

*(*>=--£ I'"*Vx- <4) 

The plus sign is taken in formula (3)»when examining  a 

point beyond the minimum ( z >0),the minus sign - for 

points between the minimum and anode ( z-£ 0). 

1. jjreation^f_OS£^^ — — -—L 

the„?or ce_Lines ^fj«talÄ^e.^lre.eted AlomJ^e_Eleotvon_ 

Tra j eotorjegj». 

For the type of electron gun being investigated , 

the beam profile re(z) can be easily calculated in case 

of  absence of thermal velocities,and therefore using 

formula (2) we can determine the required course of the 

magnetic field along the electron beam axis Bz (z) . The 

corresponding arrangement of magnetic materials and sour- 

ces of the magnetic field can be determined by the known 

methods of modeling and approximated calculations. 

Evidently the realization of a field described by 

formula (2) may be impossible in a number of cases,e.g. 

where sharp bends of electron trajectories occur.as at 

the anode of the Pierce gun. 
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r     v.re can »however,assume that small deviations of "1 

magnetic force lines from the exact course do not exert 

a considerable Influence on the investigated phenomenon . 

Taking the above in consi- 

deration a simple form of 

magnetic screens,as shown 

on Fig. 1 »was UBed for cre- 

ating a magnetic field in 

the Pierce gun.The screens, 

shown on Pig. la,are two 

cylinders with a diameter D, 

made of a material of high magnetic permeability h  and 

separated by a narrow gap. 

If a magnetic field is produced in the gap by an 

outside coil or permanent magnet,the magnitude of this 

field in direction of axis z can be expressed with satls- 

Pig. 1. 

factory exactness for Ucoo by the formula /6/ 
/ R _== 

Here B 

B,=B. (5) 

„m   - maximum magnetic field, at the gap 

( z *0) . 

The Pierce gun was located between the screens in 

such a manner that the minimum beam orosseotion was exact- 

ly at the gap,but the screen diameter D was selected so 

that ch(2.63£)=i, (6)j 

. 6 . 
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where | zk| is equal the distance from the eathode to 

the minimum orossection of the beam»as determined by the 

gun computation». The foroe lines of the magnetic field > 

selected this way,eross the respective oalculated trajeo^- 

torlos of the nonthermal electrons In tiro points: at the 

oathode plane and at the minimum. Although a deviation of 

the force lines from the trajectories takes place along 

the beam at other points,it is not great( for a gun «1th 

yk /ra «2.25 and 0* 15* it does not exceed 10# of the 

radius )• 

Por screens ^BV Fig. la the plane s • 0 may be 

substituted by a plane magnetic screen»haTlng infinite per- 

meability, and the field structure will be maintained.There- 

fore the required field distribution for a^O can be ob- 

tained with screens shaped per Pig. lb . Such screens can 

be used in the case when it is required to "stabilize" the 

electron beam to one side of the minimum only»for example 

in case of a gum combined with a magnetic focusing system. 

The diameter D of the magnetic screen must be ma- 

de smaller with the increase of compression »and with shor- 

tening the dlstanoe between the oathode and the minimum. 

The last two quantities for the Pieroe gun are given by 

the ratio r* /?a and perreanoe of the beam P« t/Ogf    • 

Por a high compression and high perveanoe the oalculated j 



diameter D of the screen may become smaller than the 

gun eleotrodes ( in particular the cathode diameter 2rk ), 

which, proves the impossibility of using screens of this 

shape.Pig, 2 shows the relationship of the perveanoe P 

"and compression r|/rj| for different diameter ratios of 

screen and cathode - D/2r^. 

The curves of Pig. 2 are de- 

rived on the basis of formu- 

las (5) and (6),where Z£ was 

expressed through perveanee P 

with the aid of graphs used 

for computing the Pierce gun, 

given in /5/. The curve cor - 

responding to D/2rjc - 1 is 

the limit case,which is prac- 

tically unattainable. The other curves may be easily achie- 

ved. Pig. 2 proves that the requirement of a high beam per- 

veanee impedes the achievement of a high compression. 

It should be mentioned that curves of Fig. 2 are 

constructed for cylindrical screens only ,with IK ffßo .For 

stabilization of beams with parameters higher than those 

shown on Pig. 2,screens of another shape must obviously be 

used. 

L    m conducting the experimental part of the work  j 

?3$ 1 ?1 5W IJJ SfOJ 
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r i 
basically cylindrical screens »with slight deviations» 

which sometimes were of advantage from the construction 

point of view,were used. Screens were manufactured of 

Armoo Iron • The magnetic measurements on the screen axis 

"were made by the ballistic methodising measuring colls 

of 4-4*5 diameter and 1 mm length,with o.o2 - e*o3 mm 

windings« 

The ballistic colls had two windings«one over the 

other; the inner»less sensitire coil was used for measur- 

ing the magnetic field in the region of the gap.but both 

coils connected in series»-for measurings at the cathode. 

2* Experimental Check of the Magnetic Field 

influence on the Performance of the Pierce Oun . 

Fig* 3 shows the principal scheme of one of the con- 

structed apparatuses. The beam 1 »leaving the Pierce gun 

2 »moves along the whole path from the cathode in the mag- 

netic field inside screens 3 »made of Armoo iron. The mag- 

netic soreens 3 are looated between the poles of electro- 

magnet 5»and therefore in the gap 4 a magnetic field is 

produoed»the force lines of 

which go along the nominal 

electron trajectories in the 

gun. The configuration of  j 

9 



r i 
screens m general corresponds to Fig« 1 b «The gap bet - 

ween them is located opposite that point of the beam where 

the minimi» orosseetion should be »if there were no therm- 

al velocities. 

On the beam path» also at the place of minimum rad- 

ius, is located a tantalum target 6" »in the shape of a disc 

with a very small ( 0*07 - 0.08 mm) opening 7 in the cen- 

ter* The current passing through the opening and caught by 

collector 8 »is proportional to the current density at 

the location of the opening«With variations of current in 

the eleotromagnet the current density at the target must 

vary too,reaching its maximum for such magnitudes of the 

magnetic field in the gun»whioh satisfy the focusing con- 

dition (3). 

The gun investigated in this apparatus had the fol- 

lowing parameters: rv/r «2.25» 6 «15° , f xu_ ( «14.7 mm # 
-6,3/2 

r s 0.38 mm , r., =2.25 mm»perveanee P * 0.4.10 a/v   * 

The calculated compression»ignoring the thermal velocities» 

is 34* The gun computation was made according to Fierce 

/5/»with a correction of the focusing length of the anode 

lens per /T/. The configuration of gun electrodes was . 

found with the aid of an inclined electrolytic tub /5/.A11 

parts of the gun,with exception of the oxide coated eatho- 

Lde core (nickel) »were made of nonmagnetic materials .Each J 

10 



Telectrode was fastened with three traverses tö the common"* 

ceramic base of the gun. 

The complete apparatus,except the electromagnet 5 

poles,was enclosed in a glass bulb and tested under va - 

_cuum and fused;the high vacuum was maintained by barium 

gas absorbers. 

The measured ratio of the field at the minimum 

( B  ) to the field at the cathode fluctuates between 26 
TttEL 

to 52 for variations of the field at the oathode from 0 

to 85 gauss,reaching the maximum for a field of Bzk*40gauss. 

Pig. 4 illustrates the relation - 

ship of the collector current Ic 

to the magnetic field at the 

cathode BzK for different acce- 

lerating voltages: 1- 100,2-200, 

3- 300,4- 400 v.The curves show , 

as should be anticipated, that 

the current density at the measu- 

rement point of the beam has seve- 

ral, periodically repeating maxima. 

The distance between the maxima 

increases with increase of the voltage.The current density 

at the maxima is several times higher than during absence 

of the magnetic field ( Bzk =0) . This confirms the fact 

L J 

iD       W       M       SO 

Fig. 4. 
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rot thermal electron focusing at some magnitudes of the 

magnetlo field« 
The quantitative examination of the focusing con- 

dition (3) is of great interest. Substituting the gun par- 

-ametere into formula (3) we obtain the condition ©f focu- 

sing of thermal electrons in the plane of the minimum beam 

erossection, BÄK//üft*1.06n .where B„ is expressed in 

gauss, UA - in volts, n- an integer, n - 1,2,3.... «orres- 

ponding to the"order"of focusing . On Pig. 5 the horizon- 
s' tal dotted lines give the cal- 
^ ■» K'"'       n"L ' /^n? 
\\}\ ..""""""',     culated relationship B^/ Y Ua 

o 

.—.^-i.  to   „9lnt tne points corres- 
0 o ° ° -a. — -P-o-o- -0.-0— 

K'1 

too 

pond to the maxima of curves 

soo    iioo    too f    ( «.)•', The experimental 

points are located somewhat 

above.the calculated straight 

lines,that is the focusing requires a somewhat stronger 

magnetic field than calculated. But this difference can be 

regarded as small,considering the multiplicity of assump - 

tions made when deriving formula. (3)»and the inexactness 

of beam parameter calculations. It should be pointed out , 

that for higher anode voltages the shape of the curves, 

analogous to those of Pig. 4,becomes somewhat complicated: 

e.a. the maxima vertices double slightly. j 
L 

12 



ESS 

r    Therefore a more detailed Investigation of the 

beam,than the one described above, appeared neoessary.For 

this purpose a number of instruments were constructed , 

permitting determination of current density distribution 

"in different crossections along the beam. Fig. 6 shove th» \ 

section of one such instru- 

ment. The beam 1 is gene- 

rated by an eleotron gun of 

5)^'  the same type as before (see 

f,u.■ w^^wMft^qgazaza^a       ,* -y^  «ua j_B located 

"<'*^! >    s^"* ^ ft nagnetio field, produ^ 

oed by cylindrical screens 
Flg* 6#        3 (analogous to Pig. 1 a) • 

and the minimum beam cross- 

section is located at the 

gap. The screens are located between the poles of an el- 

ectromagnet ,which is outside of the vacuum bulb.The beam, 

leaving the gun, hits the tantalum target (6)»which can ro- 

tate around axis 00«.located at some distance off the com- 

mon axis of the gun and screens. The target has  4 open - 

ings 7 of a very small diameter ( 0.06 - 0.08 mm).Each 

opening is located at a different distance from the axis 

of rotation. 
During rotation of the target the openings pass  j 

13 



inroad the beam one after the other.and even if the tar- 

jet aid gun are not exactly centered, one of the openings 

,111 pass close'to the center of the beam-necessary condi- 

iion for a correct measurement of the distribution of cur- 

rent density in the beam. The current passing through ope- - 

xlng and captured by collector 8 .gives the distribution 

,f current density on the radius* This method permits the 

«camlnation of very small diameter axially-symmetrical 

>eams,where an impossible high exactness of mechanical 

wsembly would be needed, if the moving  target had only 

>ne opening» 

The mechanism of the instrument moves the target 

3imultaneously with rotation ( 1 mm for each turn),thus 

aaking possible the examination of different beam sections 

Dn a 50 mm length. The movement is transferred into the 

bulb by means of an iron armature and an electromagnet , 

rotated by an electromotor.All measurements were made 

automatlcally,and the collector current I0 was registered 

on a film by a loop-oscillograph* More detailed data on 

this method of measuring current density are given in /8/. 

Fig. 7 Si*** the characteristics of magnetic 

screens .used in the described apparatus. The curve 3 gi- 

ves BZU) for the current Im- 0.8 in the electromagnet , 

Lbut curve 4- the respective "ideal » field,calculated  J 

14 



OS    to     tJ.    1.0   IS    so 
4»« 

per formula (2); curve 1- 

BB( lg) tor 2 » ^ ;curve 

2— Bzffl/ B^with relation 

to I • AB nay toe seen, the 
ft* 

field ratio B^/B^ is 

somewhat larger than need- 

ed ( oalculated beam com- 

pression is 34 ) 

Fig* 8 shows a num- 

ber of oscillograms 'of cur- 

rent density distribution in the same place -at the mini^ 

mum orosseotion of the beam ( s»0). these curves differ 

Fig. 7. 

Fig. 8. 

ox£y through the currents of the electromagnet,the magni- 

tude of which is given at each curve. Measurements were 

made at an anode voltage of 200 v and 1.1 ma current. The 

scale of the curves per r is shown above curves 1 . 

.15 . 



r 1 
The oseillograms of Pig» 8 illustrate very clearly 

the influence of the magnetic field on the quality of the 

formed beam. The first curve shows the density distribu- 

tion of current in absence of a magnetic field. The beam 

"has indistinet boundaries and a low current density,due to 

the initial thermal velocities. With the increase of the 

magnetic field the current density increases,but the beam 

diameter decreases. The beam boundaries become distinct , 

and the current density distribution approaches the XT- 

type ( for Im - 0.7-0.8 a). With further increase of the 

magnetic field the focusing disappears and the beam again 

loses the distinot borderlines ( curve lmj* 1.1 a), - 

although the current density in the middle of the beam de- 

creases only insignificantly. With a further increase of , 

the magnetic field the focusing appears again   (for 

Im . - 1.7 a ) etc. 

Some peculiarities of the shown curves should be 

mentioned. With approach to the focusing point the current 

density distribution acquires an; uneven, nicked shape 

with peakB at the edges ( for instance, iM« 0.7 a),but 

with further increase of In the current density in the cen- 

ter of the beam becomes higher than at the periphery («**** 

ves Im «0.75 - 0.85 a ) • This oan.be explained by the 

difference of thermal electron trajectories,leaving the ca- 
L J 
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thode at the edges,and the central electrons,which la not"! 

jonsldered in the theory. One can assume that first the 

peripheral electrons are focused,and after this the cent- 

pal electrons. This  dependence  of current density 

Ustrlbution on 3^ »regularly repeated itself in the ▼!- - 

alnity of all focusing points,independent of the anode 

iroltage ( measurements were made also for 0ft « lOOv and 

3ft^k)0 v ). 

It should be noted that between the focusing 

points the maximum current density drops llttle,takes pla- 

ce only a more shallow drop of it towards the edges. The 

deep depressions in the collector current curves on Flg.4 

are obTiously caused by a slight misalignment of the ope- 

ning in the target with respect to the axis of the beam , 

otherwise the collector current would change only very 

slightly after the first maximum. 

It should be remembered that since at the focusing 

point an image of the cathode is obtained,the shape of the 

current density distribution curve at this spot is deter- 

mined by the current density distribution over the cathode 

surface. This seems to explain the slight asymmetry and un- 

even shape of some ourves and also the doubling of the 

maxima on Fig. 5« 

Besides the described ones a great number of curves^ 
drat were drawn 

17 



r "1 
of current density at different distances from the gun , 

and aeoelerating voltages from 50 to 800 v at different 

magnitudes of the magnetic field. With increase of the 

distanoe from the gun anode the current density curves be- 

'come sharper»and the picture described above repeats it- 

self :the outer electrons are being focused first ( the cur- 

ves are similar to Ia- o.7 a of Pig» 8) »*wl afterwards 

the inner electrons ( as for 1^0.75-0.85 a» With decrea- 

se of voltage and inorease of the field the intervals on 

axis z between the focusing points become shorter. 

Based on the obtained osolllograms ( appro*. 1500 

eurves)the condition (1) was examined,as far as the 4e-. 

pendenoe on the regime and the axial distanoe s is con- 

cerned. The foouslng points calculated per (3) are shown 

on Pig. 9 in full lines,but the experimentally determined - 

by differently shaped points. 

Fig. 9- 

[\   ,.  ..._  ;. fU- «00 mi-th-m* 
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The comparison shows that oondition (1) agrees 

satisfactorily with experimental data. The points shown 

on Pig. 9 correspond to the assumed focusing of the out- 

er electrons ( curves are analogous to Ia so.7 ft Fig« 8), 

but for the Inner electrons the points would be a little 

to the right. 

An apparatus constructed per Pig. 6 with another 

Pierce gun ( rk /ra - 2.5 ) permitted to obtain a beam 

with sharp boundaries at a compression of 125 ( ttft ~600v, 

I  -5«9 ma ) 

Conclusions. 

The data given at>ove prove that the characteristics 

of an electrostatic forming system can be considerably im- 

proved if it is located in a magnetic field with force 

lines directed along the electron trajectories. It is pos- 

sible to increase considerably the current density in the 

beam and to obtain distinct boundaries of it,which is de- 

sirable, especially in super-high-frequency equipment. 

Such an eleotron beam,stabilized by the magnetio field , 

can be used for example in combination with a magnetio 

focusing system in traveling-wave tubes »backward-wave 

tubes etc. But as shown by calculations»a considerable 

increase of the focusing field,as compared with a gun 

Lwlthout a magnetic field,is required,-by approx. 2«5 to -J 
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4 times ,if a good outline of the beam at the entrance 

to the focusing field Is required. It seems that the app- 

lication of this system In equipment with short Inter - 

action space - klystrons* retarding field oscillators»etc* 

" in this case It Is obviously possible to improve the 

parameters of the equipment,as compared with the used 

electrostatic forming systems. For produoing the stabi 

lizing field only a small number of ampere-turns is re- 

quired»and the configuration of the magnetic system per- 

mits the use of permanent magnets of satisfactory light 

weight. 
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