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INVESTIGATION OF THE POSSIBILITY OF 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 Pekhnicheskoy
Fiziki" (Journal of Technical Physics) Vol. XKX
No 5, 1960, pages 512- 521.7. )

Given &are experimental data on the influence of the
magnetic field on the characteristlcs of the Pierce type
axially symmetrical electron gun with a convergent beam.
The gun is enclosed betweex masnetic gereens of such &
configuration,that the magnetic force lines follow the
calculated electrbn trajectories. Thls systen permits the
formation of electron beams with a high compression and .
sharply outlined boundaries,since -at 80me magnitudes of
the magnetic field the anfluence of the thermal velocl -~
ties of electrons et the cathode is eliminated. The re -~
sults of experiments are compared with the previously pro-

posed theory.



r : Introduction . 1

In the previous erticle /1/ & system was investl-
gated for the-formatioh ot high-density electron beams ,
consisting of an electron gun,located in a magnetic field,
the force lines of which along the wnole gun length are
direcﬂed along the trajectories of the electrons leaving
the cathode with zero initial velocity. In this case the
magnetic field écte upon the movement of those electrons
of the beam only,which leave the cathode with some thermal
velocities. In the usual electrostatic electron‘gun; these
tnermal electrons,together with the aberrations are one
of the basic factors worsening the parameters of the
peem and impeding the formation of electron beams with &
high compression of its area and a high conductance 7243/
location of the vhole gun in & correspondingly selected
magnetic field glves the possibility to decrease consi-
derably the syreading of the beam,caused by the thermal
velocities,and in some places along the path of the beam
4o exclude 41t completely. The location of these focusing
voints ,where the thermal electrons sghape in a certain
scale a picture of the cathode,can be determined accord-
1ng to formula (14) of article /1/ by the following
equality

‘ e S e ) - T
. nBa (L) de=2mn, n=1,2,8... (1)
¢ R < .



Here "= & ~ratio of the electron charge to 1ts-‘
ness; T - redius of been et the cathode; r, - variable
jistance of the electron,leaving the edse of the cathode
rith an initial velocity zero, to the beam axis; t- tron-
a1t time of tihis electron from the cathode to the point

of the beam beling exanined ;s B,

o~ megnetic inductlon

on the cathode. Formula (1) was derived for a parexial
electron flow with axilal symmetry,basically laminar,with
s constant current density in the crogsection. For the
derivation of formulé (1) 41t was assumed that the magne-~
tic force lines go along the trajectories of the electr-
ong leaving the cathode with a zefo 1nitial velocity,and
therefore the axial component of magnetic induction B,
veries along the axis of the beam 2 perv

Bo=Ba(2). o @
vhere T, is avfunction of 2z .

T connection with the multiplicity and geriousness

of the assumptions made for the development of the thermal

electron tralectory equation,and the determinaﬁion of the
current density distribution in the article /1/, an ex-
perimental examination of the derived formulaes is deslira-
ple. In the work /4/ the beem dlameter on the anode of
g Pierce gun with parallel flow (special case Yo=Yy

in condition (1) ),located in a uniform magnetic'field, 1
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was measured. It seems that from the practical voint of'1
view analogous neasurenments for & zun with convergent
electron beam are more 1nteresting,since this forming
systen enables us to achieve a higuer current density.

The methods and results of an investigation of a ~
rierce fun with convergent beam,located in & nagnetic
£1eld,are described below. In this type of electron guns
netween the cathode end enode /5/ is created the same
type electrical field as in the spherical‘diode,and as &
result of this the electrons after leaving the cathode
nove aliong convergent straisht lines. After entering
through the orening 4in the anode into the space free from
external fields,the beam,orizinally convergent,reaches
1te minimum radius Ty ,and then due to its om space
charze -starts diverging. |

The integral j ")dr ,contained in the expres -
aion of the tnermal electron trajectory and the condi-
t1on of focusing(l),is caloulated for the Pierce sun In

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

_ () (' _
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Here T and Ty  -curvature radil of cathode and enode

i1nto (1) we obtain
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r in the ejuivalent spherical diode; r, -—beem radius at
the anode; Ug =~ sccelerating voltaze at the zua anode 3
(- Q%)Q - Lengmuir - 3lozett  function for spherical
diode,desendent on the ratlo of radil Ty /'?; /5/ .

* Puactlon éﬁ -integral of probability of errors

P(x)=—= !’e”'dx. S (4)
The plus sign 1s taken in formula (3) ywhen exanining e
~oint beyond the winimum ( 2z ~.0),the minus sign - for

noints between the minimum and anode ( z=<0).

1. Creation of & ngggmgggggggggﬂggnetic Field

ot eSSy A

the Force Lines of which Are Directed AloHg the Electron

o e e e i et ettt

Trajectorles.

For the type of electron gun beins investigated
the beam wnrofile re(z) can be easily calculeted in case

S

of absence of thermal velocities,and therefore using
formula (2) we can determine the required course of the
naznetic field along the electroh beam axis 3B, (z) « The
corresponding srranzement of megnetic materials and sour-
ces of the masnetic field can be determined by the known
pethods of modeling and approximatedvc&lculations.
Evidently the realization of a field described by
formula (2) may be impossible in a number of casesse.fe

where sharp bends of electron trajectories occur,as at

the anode of the Pierce gun.




r e can ,however,assume that small deviations of L
magnetic force lines from the exact course do not exert
s considerable influence on the investigated phenomenon .
Taking the above in oconsi-
deration a simple form of -

magnetic screens,as shown

on Fig. 1 ,was used for cre-

ating a magnetic field in

the Pierce gun.The screens,

shown on Fig. la,are two

Fig. 1.

cylinders with a diameter D,
made of a material of high magnetic permeability‘/J and
geparated by a narrow gap. '

If a magnetic field is produced in the gap by an
outside coil or pérmanent magnet,the magnitude of this
f1eld 4in direction of axis 2z can be expressed with satls-
factory exactness for//g:;zg by tPe formula /6/ |

:B,=B.,.m‘.' - (5)
Here B,p = meximum magnetic field, at the gap
( 2=0) .

The Pierce gun was locabted between the screens in
such a manner that the minimum beam orossection was exact-
ly at the gap,but the screen diame@er D was gelected so

that

. ch(2.63%‘—)#%,' o ® |
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where | z,| 1s equal the distance from the eathode to |
the minimum orossection q: the beam,as determined by the
gun computations. The force lines of the magnetic f1e14d ,
selected this way,eross the respective calculated trajec -
tories of %the nonthermal eleotrons in two points: at the
cathode plane and at the minimum. Although aAdeviation of
the force lines from the‘traaéétories takes place along
the beam at other po;nts,;t 1§~pat great(.ror s guh éith
Fi /F, 2.25 and Bx 15° 1t does not exceed 10§ of the
radius ). '

For screens per Fig. la tho_plaﬁa 2 =0 may be
substituted by a plane magnetic soreen,having infinite per-
vnoability.and the field strnctnre will be maintained.There-~
.tore the required fiéld distribution for z<:o can he ob-

tained with screens shaped per Fig. 1b . Such screens ‘ean
. be used 1n the case when it is required to “stabilizo“ thc
- electron beam to one side of the minimum only,for oxanplo
" in oase of a gun combined with a nasnotic foousing systom.

The. diameter D of the magnetioc soreen must be na-
do'gmaller with the increase of compression ,and with shor-
tening the Aistance between the cathode and the minimum.
The last two quantities tor.the Pierce gun are given by .
the ratio Xy /?; and perveance of the beam Pu I/Uz/2 .

LFor a hish eompression and high perveance the oalculated.J
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giameter D of the screen may become smaller than the 1

gun electrodes ( in particular the cathode diameter 2ry ),
which proves the impossibility of using soreens of this
shape.Fig. 2 shows the relationship of the perveance P

“and compression rﬁ/r% for different diameter ratios of

screen and ocathode - D/2ry,

Y The ocurves of Fig. 2 are de-
e rived on the basis of formu-
%SE las (5) and (6),where zy was
§4~ expressed through perveance P
P with the aid of graphs used
~ p f for computing the Plerce sﬁn,

\R: 1238 107 m’ “.‘.Wt’u 510°
S g given in /5/. The curve cor -
X S S ‘-responding to D/2ri =1 18

h 25;=m ‘the 1imit case,which is prac-

tieally unattainable. The other curves may be easily achie-
ved.Fig. 2 proves that the requirement of a high beam ﬁér-
veance impedes the achievement of a high compression.

It should be mentioned that curves of Fig. 2 are
constructed for oylindrical screens only ,with /u = co ,For
stabilization of beams with parameters higher than those

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

L In conduocting the experimental part of the work i
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r M
basically eylindrical soreens ,with slight deviations,

vwhich sometimes were of advantage from the construction
point of view,were used. Screens were nénufactured of
Armco iron . The magnetic measurements on‘the soreen axis
“woere made by the Sallistic method,using measuring ocoils
of 4-4.,5 dlameter and 1 wam length,with 60.02 -~ 0.03 mm
windings. |

The ballistie colls had twb windings,one over the
other; the inner,less sensitive ¢oil was used for measur-
ing the magnetio field in the region of the gap,but both

- c0ils oonnectediin series,-for measurings at the cathode.

2, Experimental Check of the Magnetie Field -
;g;luehge on the Performance of the Pjerce Gun .

Fige. 3 shows the prinoiﬁal scheme of one of the con-
struoted apparatuses. The beam 1 ,leaving the Pieree gun
2 ,moves along the whole path from the cathode in the mag-
netic field inside screens '3 ,made of Armco iron. The mag-
netic soreens 3 are loocated between the poles of electro-

magnet 5,and theratorelin the gap 4 a magnetis field is
e

produced,the faree lines of
whieh go along the nominal

Flg. Czzzrry
3

eleotron trajestories in the

gun. The eonfiguration of ]

9
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ro. . g
aeréens in general oorresponds to Fige 1 b .The gap bet -
ween them 1s ioca,ted oppoéite_ that point of the beam where
the minimmm orossestion should be ,if there were no therm-
.al velocities. | |

.On the beam path,also at the place of unim rad-
fus,1s located a tantalum target 6 ,in the shape of a dise
with a very snall ( 0.07 - 0.08 mn) opening 7 in the eoﬁ-—
ter. The ocurrent passing thiough tho opén.’m; and caught by
colleotor 8 ,is proportlional._to the oﬁmnt density at
the location of the opening ¥With variations of current in
the eleotromagnet the ourrent density at the target musat
vary too,reaching its maximum for ..éuch magnitudes of the
nagnatie field in the gun,which utisfy“ the‘foousing con-
aition (3).

The gun investigated in this apparatus had the fol-
lowing pargmeters: ;,k/;e. =2,25, O =15° » { zkl =14,7 nn" ’
' 6 v:/'2

rLE 0.38 mm , 9 =22.25 mm,perveance P =z 0.4.10-_' [ 3

The calculated ecompression,ignoring the thermal velocities,

18 34. The gun eomputation was made acsording to Pierce
/5/,with a sorreetion of the foecusing length @r the anode
lens per /7/. The eonfiguration of gun eleetrodes was .
found with the aid of an inclined eleetrolytie tud /5/.A11
parts of the gun,with exeeption of the oxide coaﬁgd catho~
Lde eore (nickel),were made of nonmagnetie materials.Eaeh .

10




folectrode was fastened with three traverses to 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 -
_euum and fused;the high vacuum was maintained by barium -
gas absorbera.
The measured ratio of the field at the minimum
( B,y ) to the field at the cathode fluctuates between 26
to 32 for variations of the field at the cathode from O
to 85 gauss,reaching the maximum for a field of sz=403auss.
% Fige 4 1llustrates the relation -
ship of the collector current I,

7r

to the magnetic field at the

cathode B, . for different acce-
1eréting voltages: 1- 100,2-200,
3- 300,4- 400 v.The curves show ,
as should be antiocipated, that

; :
S >~ the current density at the measu-

5:), &L ,9,5;444/

rement point of the beam has seve-~

Fig. 4. 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
Ef the magnetic f1eld ( B,y =0) . This confirms the fact

<11




Gr thermal electron foousing at some magnitudes of the
magnetic field.

The quantitative examination of the focusing con~
astion (3) 1s of great interest. Substituting the gun par-
-ameters into formla (3) we obtain . the condition of foou-
ping of thermal eleotrons an the plane of the minimum bean
orossections B, /VU. *1.06n ,where ‘Bzx 18 expressed in
gauss, U, - in volts, n- an integer, n ® 1,2,350¢0 OOTTEB=

ponding to the“order“of foousing . On Fig. 5 the horizon-
3 tal dotted lines give the cal-
3\ sulated relationship Boxe/ Y Ve
to Ua.but the points corres-

20%g2000
PP e B s B O O e

ne=1

pond to the maxima of ocurves

T T

N 4 Is ( BZk)-} The experimental

Fig. 5. | points are located somevwhat
above_the calculated straight
lines,that 1s ihe foousing requires & nomewhat stronger
magnetic f1eld than ealoulated. But this aifrerence can be
regarded as small,considéiins the multiplioity of assump ~
tions made when deriving formula. (3),and the inexactness
of beam parameter caloulations. It shbuld be pointed out ,
that for higher anode voltages thé~ahape of the ourvesy
analogous to those of Fig. é,becomes somewhat complicated:

lf.z; the maxinma vertices double glightly. _ ]




r
Therefore a more detalled 4nvestigation of the

beam,thén the one deseribed above, appeared necessary.For
this purpose & number of instruments were constructed '
permitting determination of current density distributlon
“4n different crossections along the beam. Fige 6 ahowé the
section of one such instru-
8 : ment. The beam 1 18 gene-

Py I ] .

7 e A oo ‘
422222 '} \ G rated by an eleotron gun of
(\Y\\“&W\\“\\\\

‘;‘,‘:':f-f — =3  the same type as before(see
ZZZ S Pige 3). The gun is located
t QZZZ?Z’
5 ¢ 3. Y1 ’”I////. . . »
. o . . ‘4n e magnetic field,produ-
. ced by oylindrical screens
Fig. .60'

3 (analogous to Fig. 1 a) »
and the minimum beam cross-
_ section i1s located at the
gap. The screens are located between the poles of an e6l-
qqp;omagnqt ,whiéh 418 outside of the vacuum bulb.The beam,
leaving ﬁhe gun, hits the tantalum target (6).yhieh can ro-
tate around axis 00',located at some disiance off the com-
mon axis of the gun and screens. Thstfarset has 4 open -
tngs 7 of a very small diameter ( 0.06 = 0,08 mm).Each
opening is located at a different distance from the axis

of rotation.

L During rotation of the target the openings pase ]

13



erough the beam one after the othar.and even if the tar--\
ot and gun are not exactly centered,one of the openings
741l pass close to the center of the beam-naceasary condi~
;ion for a correct meaaurement of the distribution of ¢

sent density in the beam. The ourrent passing through ope-
\ing and oaptured by collector 8 ,gives the distribution
)¢ current density on the radtus. This method permits the
axamination of very small diameter axially-symmetrical
seams,where an impossible high exactness of mechanical
asgerbly would be needed,Af the_movins target had only
me opening.

The mechanism of the instrument moves the target
s4multancously with rotation ( 1 mm for eaech turn),thus
meking possible the examination of different beam gsections
on & 50 mm length. The movement 1s transferred into the
bulb by means of an lron armature and an alectromagﬁet..
rotated by an electroﬁotor.All measurements were made |
automatiocally,and the collector current I, wae registered
on a film by a 1oop~oacillograph. More detailed data on
this method of measuring ourrent density are given in /8/

Fig. 7 gives the characteristios of magnetioc
screenn..usod 4n the desoribed apparatus. The ourve 5 gli~

ves Bg(z) for the current Ip® 0.8 in the electromagnet ,
{but curve 4~ the respective "ideal " field,caleulated J

14




£ L - ~ per formula (2); curve 1l-
. w ’ - - . 3

B, I,) for z = z, jourve

e 2= B__/ B_.with relation
0T 15 20 25 40 ol B |

SR A to gn. As may he seen,the

f£1eld ratio Blm/htk is
. somevhat larger than need-

ed ( calculated beam com-
pression is 34 )
Fig. 7. | Fig. 8 shows & num-
| ber of oscillograms of cur-'
rent density distribution in the same place -at the miniﬁ

mm orossection of the beam ( £=0). These curves differ
2mm T : . '

1, =0850 00

Fig. 8.
only through the eurrents of the electromagnet,the magnj-

tude of which is given at each ourve. Measurements were
made at an anode voltage of 200 v and 1.1 ma current. The

scale of the ourves per r 18 ahovn'abova curves 1 .

L , J

.15 .



r The oseillograms of Fige. 8 illustrate very olearlyj

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
pegnetic field the current density inoreases,but the beam
diameter decreases. The beam boundaries become distinct ,
and the ourrent density distribution approaches the YI-
type ( for Iy z 0.7-0.8 &), With further increase of the‘
magnetic field the foousing disappears and the beam agaln
lozes the distinot borderlines ( curve Iy.= 1.1 a), -
althbush 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 ﬂ(,rér*~
I, =17 a ) etec. '
Some peculiarities of the shown curves should be

mentioned. With approach to the focusing point the eurrant
density distribution aoqnires an . uneven, nicked shape
with peaks at the edges ( for instance, Ige 07 a),but
with«:urtyarr;ncreaae of Iy the current density in the cen-
ter of the beam becomes higher than at the periphery (our-
vee Ip =0.75 = 0.85 a ) . This can.be explained by the

firference of thermal electron trajlectories,leaving the ca-

J
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thode at the edges,and the eeﬁtral electrons,which is not"
;onaidered in the theory. One oan assume that first the-
§er1phera1 electrons are fooused,and after this the cent-
ral electrons, This dependence of current density |
1istribution on I, ,regularly repeated itself in the vi- .
3inity of all focusing points,independent of the ahode
voltage ( measurements were made also for Ug = 300v and
J4=400 ¥ ).

It should be noted that between the foeusing
points the maximum eurrent deneity drops 1little,takes pla=-
pe only a more shallow drop of it towards the edges. The
deop depressions in the collector current curves on Fig.4
are obviously caused by a slight misalignment of the ope-
ning in the target with respect to the axis of the beam ,
otherwise the eolleptor current would ehange only Vvery
al1ghtly after the first maximum,

It should be remembered that since at the focuéins
point an image of the cathode is obtained,the shape of the
eurrent density distribution eurve at thils spot 1a_deter~
mined by the eurrent density distribution over theloathode
gurface. This seems to explain the slight asymmetry and un-~
even"lhape of some curves and also the doubling of the
maxima on Fig. 5.

Besides the deacribed ones a great nnmbef of ourves
wero wn . _ . 1

»17.



'.;r current density at different distances from the gun ,
and accelerating voltages from 50 to 800 v"at different
nasnitudes ér the magnetie field. With increase of the
| distanoé from the ghin anode the current density curves be-
“come sharpor.md the piocture desecribed above repeats it-
self:the outer electrons are being fooused :1rst ( the our-
ves are similar to In= 0.7 & of Fig. '8) ,and afterwards
the inner eleotrons ( as for ;50;75-0.35- a. With decrea~
ge of voltage and inorease of the field the intervals on
axis = betwgen the foousing po;nts bec_zome shorter.

Based on the obtained oscillosré.ms' ( approx.1500
ourves)the eondition (1) was examined,as far as the de-
pendence on the regime and the axial distance 'z 1s con-
cerned. The toouémg points caloulated ‘po:? (3) are shown
on Fig, 9 in full lines,bBut the experimentally determined -

by differently shaped poigtgi__'

A ﬁ:’
g 73
Fig. 9. % :
X
~
&g .
N 3
1+ “fpa- - :
. [4wod nygumy ’ '
0L‘ ", 4 "‘ » e ] ‘. I° ‘ l.. 6-‘ s

. ) 4::-'3,';"“;;;‘!—-¢ .. S ‘ Lem , [/ L é J
—Upgm®00 o §—Ugm i s 5 I N .

i

018 .



r The comparieon shows that condition (1) agrees

satistaétorily with experimental data. The points shown

on Fig. 9 correépond to the assumed focusing of the out-

er electrons ('curves are analogous to I, =0.T & Fige 8),

- but for the inner electrons the points would be a little ~
to the right.

An apparatus construoted per Fig. 6 with another

Plerce gun { Ty /¥y = 2.5 ) permitted to obtain & beam
with gharp boundaries at a compression of 125 ( U, =600V,

1 =5.9 ma)

_Conclusions.

The data given sbove prove that the characteristics
of an electrostatio'forming system can be considerably im-
proved if it is located in a magnetié field with force
lines directed along the electfon trajectories. It is pos-
sible to increase considerably the current density in the
beam and to obtain distinct boundaries of it,which 1s de-
sirable,especially in super-high-frequency equipment.
Such an eleotron beam,stabilized by the magnetic field ,
can be used for example in combination with a magnetic
focusing system in traveling-wave tubes sbackward-wave
tubes, etce But as shown by calculations,a considerable

1norease of the foousing field,as compared with a gun
Lwithout a magnetic field,is required,-by approx. 2.5 to J

. 19.




rh times ,if a good outline of the beam at the entrance
to the focusing f1eld 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 posaiﬁle to improve the
parameters of tﬁe equipment,as oompared with the used
electrostatic forming systems. For producing the stabi
1izing field only a small number of ampere-~turns is re-
quired,and the configuration of the magnet;o system per-

mits the use of permanent magnets of satisfactory light
weight,. ”
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