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ABSTRACT

The work of this year consisted to study the anomalous

effects observed in crossed field guns; the more stridking effect is

the excess noise which may reach 1O4 time the thermal noise of the

cathode and which causes the sole current in optical systems. The

conditions in which such a noise appear are now well kaown; the speo-

trum and the corelation in the magnetic field direction have been

deterMined.

The theory of the excess noise has not yet been given; the

experiments done show that the noise in the gun proceeds from an ins-

tab•lity of the space charge which may be modulated by the classical

noise; according to this idea, the first step is to find an unstable

flow. Up to now only a flow negleoting the space charge or a flow

with constant current density has been studied. In thin report a flow

in which the cathode current is a linear function of the distance on

the cathode has been theoretically studied; the d.o results, obtained

with a digital computer, are given in this report; some critical magnetic

fields for which the electron velocities vanij after a particular

angle constitute an unexpected phenomsnon. On the other hand the computed

trajectories pemit to design a highly convergent gun which could

present sm advantages compared to the classical gun assuming a constant

cwrent density.
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The sensitivity of the gun to an external signal has been

shown to be very high when the excess noise is present; the noise cha-

racteristios of a coaxial optical system have been studied.

It is possible to design a gun without excess noise, by

the two following means t

1. A narrow cathode gun for hig impedance be=as.

2e A gridded gun for low impedance beams (medium power).

Such guns will be used in the T.P.O.N. which will be designed

during the second year program to study the parasitic effects in crossed

field devices and to realise low noise tubes.

We shall give at first in this final report some charao-

teristio results described in the previous reports
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DLETAnI REPORT

NMLLUMM MW~ IN CLOSSED F=E SPACE.

The simplest vay to present the properties of such a flow

is to plot the electric field versus the distance.

If the sole bias is negleoted we have the follnAng sketch,
since the slope of the field In the beamin -after the

Poisson's lav and op amop wy being the plasm angular frequency eMA

f the cyclotron angular frequency.

0 17 !~~3
E1-

'bole vie

VV

1hen the current Injected inceases the left han side of

the bean readw the sole; this oreresponds to a first na onrwnmt

S- [B/, , (I,'
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with

V

t being the width of the structure.

The current can increase again if the left, hand side of the

beam leaves the sole up to

The oompuArion, is dami with the theory in the figure 1.

Whn the • a•etic field is increased the plate voltage my be raised

with a negligeabl, interception and the cathode current follows the law

ftt the traziiluetio collector over cathode current decreases because

the beam Weieds(dhe to the noise.)

NWA3UDM OF TOl JAOIM.

the sole

a) The sole curremt, whom / Is noptiely bias"e with respeet

to the cathode is oornected to the noise In the beau and has bem used

at first to =sasure the noise; howev it my be noticed that, for an
it

infinitely long drift spa"e Is als pIma1te3y given, frm energetic

osasideraticms IW
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Therefore the sole current is a measurement of the noise

.only for short sole length~or with a segented sole vhich indicates at

what distance from the gun the beam reach the sole.

b) Use of a .. vity or a delay line.

The microwave noise may be collected by a forward wave

structure (wndriven TPOM) or by a baohwazd wave ofrut (M Carcinotron

below the starting current); in the second case the noise appears like

a narrow band noise (F/-F = 5 to 10 %) the central frequency of which

being the oscillation frequency of the carcinotron. However the position

of the beam is not known with a sufficient accuracy nor the coupling

between the beam and the circuit| a cavity would present the same

difficulty.

c) Mo•urement of the 12g freauenoW noise.

Non linear effects in the beam involves a low frequency

noise which is strickly oonnected to the microwave noise, and the
beer,

noisiness of the beam has therefore/studied by measuring the noise of

the collector current.

Two different methods have been utilized t

I. The collector being grounded through a 50 J resistance the

noise voltage across it is measured between 30 M and 230 &H. with a

tunable oomercial available ampliflier having a bandwidth of 4 RH7-

(Drumi and KJoer N2 2002 and 2004) & For the noisenms of the bean we

shall use the noise modulation N which is the ratio of the romus.
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noise current in a 4 Ko band to the d.c, current. The total noise

modulation intapated over the total band can reach unity e.g. the

collector current is completely modulated by noise. Most of the mesa-

suaesents have been done •ith this method.

2. The second method utilised a low frequency passive tunable

resonance circuit in the collector and the noise is measured on an

oscillograph. This method avoids non linear effects in the amplifier

and is therefore more accurate but less sensitive.

NOISE VERSUS THE TI(EGUATURE Of THE CATHODE.

It is well Imown that the temperature of the cathode has

a strong effect on the noise; this is shown again in the Fig,2 with an

impregnated cathode, the collector current being kept constant. The

exoess nois' varLishes under O1000 which corresponds to the temperature

limitation of the cathode when no magnetic field is applied.

M[ NOISE VEAR THE GUN HAS BEEN PEOTOCRAPHIED WITH A WIDE BADG AMD

E1• SPEED OSCILLOSCOPE.

The osoillograms are reproduced approximately in the Fig.3

which shows that the noise appears lime an oscillation modulated by

noise, when B/B is rather small which means when the cathode is not

back bombarded. For high magnetic fields the fundamental frequency

disappears.
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Such a high frequency oscillation (f t 1W0 M with

B = 30 Gauss) eemo to be modulated by an other frequency (F nf 40 Mz)

which may be due to a feedback from the collector roeion.

NOISE APflE A UM a= SPACZ.

After a long drift space the noise is mm stimilar to a

isdte noise; the theory of the diocotrom effect shows that the aLin Is

It is proportiwml to *; howevr, experiments done on the break up of

hollow beamby B. SPBSTN(1) aid othersashow the large signal behavior
of the beam; it forms a get of spokes which rotates one around the other;

the spolks ar of incresaing ais the limit being due to the img

effect in the sole and the line. This large signal effects involve

low frequency components; the apeoes being distributed at random, let

us consider each of them as a ponatual charge 9 the r•u current will be

V. T . n2s9 -1 'AMF

(1) 13,VM= Th~Ae k 1l'Universit,4 de, Paris.
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With such an asumption the spectrum wiLl be flat from 0 up to a frequency

corresponding to the mean distance of the spokes. The measurements of

the noise spectrum indicate that the size should be of the order of

magnitude of the line sole distance D. This characteristic frequency lies

between v/2D and v/D as shown in the Fig.4.

S ING LAWS.

From the previous paragraph it may be expected that the

total noise modulation N 'T• // is constant and the bandwidth
T

increases according to B when a scaling in voltage is done with B - V

consequently the measured noise modulation in a fixed bandwidth (4 xis)

should docreases according to N /V V -/4. The experimental curve 5howi 6L

the mean value decrease slowly with V but the range of V is not suffi-

cient to establishn that it deoreases according to V-1/4. Some ripples

are observed which could be due to a feedback from the collector. At

the lowest voltages, the sole current increases rapidly, but N decreases;

we may suppose that the electrons which have gained or lost energy are

absorbed so that the other electrons ae less noisy.

STUDY OF THE CORRELATI(N.

We inteoded to know if the noise is correlated In the

direction of the magnetic field. We nay expect that the correlation

is unity for distances smaller than the height of a oyclold and smor

for muh larger distanoes. The experiments dons with collectors near the

gun are not in disagreement with this hypothesis; after a long drift
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spaoi, the correlatian Increases as it may be expected from the theory

of the diocotron gain*

The correlaion is measured at low frequencies; its valug

does not depend on the particular frequency chosen. A special apparatus

has been built for this purpose.

An exmple of the results is shown in the figure 6p for

from the gun (b) the correlation is unity for small B (the correlation

my be due to the transverse diocotron gain) but it tends to vat,4ah

at the highest B/B0 (small height of the cyclold). Near the gunm the

distance between the collectcrs is rather lage so that the correlation

is always zero.

Some tests have been done at first with probes on the

cathode; the tests have not been sucoessfull fa, on one hand, at the

high frequencies cold parasitic couplings exist between the probes and,

on the other hand the low frequency components have a too am" amplitude

in the gun.

SPECTRUK WITH AN r.f. SHORT CIRCUIT BETVWK TOE CATHODE AND) TRE SOLE.

The spectrum generally observed is shown in the figure 7

(cmve without capacities); it presents periodic peaks (the separation

into two peaks of the three first peaks ban no meaning; it is due to

the image frequency).
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When an r.fo short circuit in put between the plate and

the cathode (the decoupling is indicated in the upper curve). This

support the hypothesis that the periodicity is due to the collector r.f.

current flowing back to the plate and induoing a voltage which modulates

in phase or in opposite phase the beam according to the frequency. This

is observed for moderate magnetio fields; for high B/Bo9 the phase of

the noise along the cathode is probably to much erratic so that the plate

r.f. voltage (obviously In phase in all the gm h sin the sizes are @all

compared to the free wavelength) does not involve a clear periodicity.

TRA0CTRIES ASD NO=S WITH A SCREEN GRI.

The figure 8 shows a gridded gunm the grid is constituted

of thin tantalum tapes through which the beam flows. The cycloldal

maovemnt may be suppressed with a suitable voltage, even with a manetron

type gu.

Mw figure 9 shms a gun pridded with a thin niokel grid;

the teoheologioal results are not goods

The figure 10 shows the optical system used with a tantalum

gSA, and with some cathode probes.

The figure 11 shows the noise modulation and the current

with such a grid. In contrast with the classical 8M. the excess noise
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appears only when E/B0 = 1961 one remarks that the sole current appears

just at the same tin# the oolleotor current decreases for more current

i8 absorbed by the grid and the collector current inoreases for higber

iagnetic fields when the beas flows between the cathode and the grid.

The figure 12 gives a snmmary of the results with gridded
p•..

TES WITH A COAXIAL W STRUCTURE.

The photograph of the experimental system is shown in the

figure 13.

An experiment (figure 14) shows the noise modulation

which appears like the sole current only when H/B0 > 1,4. A 100 %
transmission is obtained from B/B = 1,1 to 1.4.

A set of anodes permits to measure the noise variation

from the gual with a small initial noise the diocotron effect is clearly

set; but the gim may be saturated by the noise; the limit value of the

noise N is in any cases around 0,5.10"-.

SENSITIVITY OF THE GUN TO AN r.f.9 EXTERNAL SIGNAL

We found that tIe beam modulation is 30 dB hi when

SmOess noise ti ein ent, the f oque ncy of •the M a l

being awoun 30 to 50 ?Is; this external signsl was applied by a wir

an the cathode parallel to the magetic field., The bean modulatim vwa

observed on, the collector.
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CBLOTRON RESONANC•S.

Cyclotron resonances are observed when the beam flown

outside the optical system in low d.c. field regions; the residual gm.

may in this case play a role.

DESIGN OF A GRIDDED GUN.

The power dissipated on the grid was in the previous expe-

rizents 1 % of the total beam power; in order to decrease it,the grid

must be nearer to the cathode which corresponds to a smaller grid-

cathode potential. However a constant d~c. field in measured on the

cathode only if the wire spacing is smaller than the grid to cathode

distanose

Sop we have built a grid using a pitch of 70 p and a wire

diameter of 10 g.. It was at first at Op5 mm of an impregnated cathode

(22 x 3 mm) Plate-cathode spacing = 3.9 m.

The secondary emission and the direct emission of the grid

involve@ a grid current which decreases with increasing cathode currentS.

Without magnetic field am has

V V I MA I mA grid power/Beam power

200 0 1.7 0.15

10 23 3 0.6%

20 61 6

375 24 99 3.4
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29=0JZ XN OTILCAL SYTO .

The line ts connected to the accelerating plate,

he figure shnsthe maxinum grid voltage which may be

applied without sole current; fcr lower voltages a msall grid current

way appears also, so that the voltage Vg indicated Is the beat ae;

1W no aolo amwow t we man los that 1 % of the cathode crrent.

Wesee that a noiseless beam power of 52e x 110 mA my be

applied with a good traensmiss~o (the line and collector current are

measured together bat we may suppose that the line current is neglieable,

Win the sole current is mro).

fhe figure 17 shows the results with 10 gauss. The too

scales an modified to talm Into account the scaling laws. The corre.-
ponding voltage&sa8r muoh higher so that an important part cf the beam

ras the accelerating plate.



V.R. 929 14.

.A ooW = IN A CR01) P= GUN WITHK A

CRRENT DENSIT" PROPORTIONNAL TO THE RADIUS

The calculationu of the noise which assumes the uniformity

in the direction of the cathode surface have not led up to now to ins a

or to high &ioeotran gains. This is the reason for the study of a beam

in which the current varies linearly with the distanoe because this is

more stim4ia to the real situation of the K type gun when the excess

noise appear; such a slipping stream miy involve high diocotron ain

uainly near the pole.

In the case of a unfom current density the trajectories

are given (the initial velocities being neglected) by &

p~ cjc,3 Coe

1) b1W
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Let us consider the case where the current varies according

to r ; it may be easily shown that all the trajectories are homothe-

tical with respect to the pole, that the space charge density r is

independant on r and that the potential varies according to rZI an

long as there is no multiple stream (this occurs when VO vanishes).

B is perpendicular to the paper and uniform; the potential

vector A is supposed to have only a

.2 component equal to

rA

which satisfies B = grad AT

In this kind of problem it is known(l) that the flow is

irzotationsg, rot (vnt- A)=O, o that vniu-eA isthe

gradient of a function W.

or

Ve '-? w r

with (0 V-- (Larmor angular frequency)

Let us put

(1) GABOR, P.I.R.E. Vol 33 (1945) p. 792.
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for the anymptotio developpement near the cathode it will be easier to

put - instead of j ;(); the velocity is now given by

VW w rI-((9

V 0

The initial condition at the cathode (zero velocity) involves

PO =, 0
The problem is nov to find f (o)

The potential is then given by

L4 4-~

49 Il ItIff'L"
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The components of the current density Jr and Jo are

__12- •,: •V, 40 •,or.-€t + '-

9.e ,• t,'•

Let+ CusL~ liti~ Ih lit•

The two ter.- & f¾

Let us write the law :

The two terms are
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-• ( j ' 2, L 9, AI +

eI.-ffe'"*ft;' & a "+ " ••'I G t

- L"A ? U, 4t it&'f"'

-I- 4 f f 4 f If 1fu f 1I (t

- 0f( It 4 ý h~ 4f'fI
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This led to the differential equation in fb

'3Z ~ ~ ~ ~ ~ +, 1Z hOg1i +g1'"'z '

V+ Ih '-~ ~- fill,+9~"' 8 s'- F]

Let us develop f~)in asry for small S , k1ng into account the

initial oonditions

One obtains

that is

to 9-13 g 7

~? +
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One sees that the derivation of high order reach for 0 -* o

values very uzoh higher than the first derivation and than the funotion

itself; sinoe the digital computer begin by 0 = 0 , some terms will be

at first important and others which will be completely negligeablee

The differential equation is written so that the important

term (for 9-> 0 ) are before the less important ome.

Then we have t

Power of the first
term in

+4

0 11- g,' f, 19o,, t k/3

t E) +1

-4 fI ÷, 4gff 1)-4/ Ife

+ 4 f2ft4c fF%-5,

5 6 0 ~21I ze
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Since the scond third and fourti derivative of •[() beoome infinite

vhane apiroaohes C) , we have to begin the oaloulation, not

at z 0 but for a sma1 value of 9 ; so,we need the first terms

of the developpement of a (q).

Te nmultiplioation of the various derivative gives :

+ + .

0 00 4

4- (,5...+ 0+ .72
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The first oomparison of the ooeffioients of the ter= in e giv

is not determined by the differential equation but only by the initial

conditions. For the second couparison /5 ) we need

4~~+ 5 ~q It.i&-,[3e0G+/3j

which gives

,00 oo -_,goo 29+ o0 + 3 .4 o

''- -t• I - I

The third comparison (terms in e implies the knowledge of the

products t

I 11 kh /31
f- -j?0,e - 113 24.o w per +

-4 4/

Then%

2-

0~ -x 4+ 16io'Tx0- 5071., 176000
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or

Oonsequently

loc 1
-bog~_ ±Y A 37-80

3'? ~1~ 3Wo

For the fouarth ocamparison we need the products

IL 1 -I er '/1 + -- ,

[160 01 +.-

So oomparibon gives

+ l5I.2,oo +Zc oo~4 i~l32 + 50.71.O

+- (7L. )tjc.3 (I. 4oo - i0i1.0 . 0.0 py
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Torefr
I it -goo 41.,Co + 1,.,Or, b 6

(I I = 0

=, - •' ' -" -_ _ '._.__

To state the validity of the oaloulatior of the )oeffi-

oiLents of the funotiola we shall prooeed by anotherwa'

othe r eftintian

lit S/ I( 8
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vG,= 7[-, a,/' 4/ •,+ 19r 4/,3,+ ,,9,/1•...

4 - +2.

then the potential is given by

+r (A d + •o•,_•o_••<,

+ + -- 0/3

and for the derivatives

'r Lj 5- 'A2 + 3z1 +1r 74 SA ' /

0 (4 3or, + 5o 5- I, + ,,,o 4,_,o1
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J? 06 +1ý 601.4 if( 0 .

The space charge density i is then

S2 0 a-/3

and the component of the current density :

SV~ r w'

e - 10 b r5 
/

too o o +A

+6,. too• +2,.2 o ( )6

+4.-. - to, + -5.6-0/+"°- -',' -, -/



W.Ro 929 27.

The second expression exhibit& the meaning of the cao-

tant At the oathds the current density is J.

J in proportionnal to r, and to the cube of the Lazmor angular frequency

an to 5

D-Xýv O gives

i.r r-
'0~~ 24= ,' ~

(+1440

+ 59400t rt I01)
+1
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And the comparison of the coefficients

e-?%

1761

i -5._. 4 Z_._

, I , 1

li L)5

_- S' T? ys.

:V. - . --• g

414b

+ __k. ._L (,+ . 3..5, 9 1 Z

~.~ J4r d5 _ I

•',- • - '° - 3o , -t,•. r•
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r51 o. 0.5 -1 If 6 O1

6105 DC5 18015 ol oss 0865T 0101 0905

082.J -8. 10 -5,9f.0

~.o, oJ.-0,0,447 -9I4I,0 - t3S -01,44 O~~I-01,4II -,LIwI S -.4147.I
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060

-r-

IAD'

o rp
A

00

t4- o -4
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0 .40 o05O0 t 10

2A 14671(0 3,1, lll o I ilo'3 12 1 3,to 2 3, 313 1'; %0' l,4ul.I

7/3 V 1 - Io 11-1o t, 10 1 ~21Iv 1108 do- 510 10 214-r 1 1

-$ -

i~~h 9A , . 10 lo 6103,(D -4 1~jog, (0 - 1,52.16 -3,i1M .(a - 1;Iý .1 - , to it4 t-

167 9,3iol,10 1/0 toII

a~~~ t 014It -028 -a0,01 0/ 0 ., -OO0 1L4

-ý /3 S~ ... 0,0ýI -010004~ -of00*4 0104 f r 6,601t5 -0,60ai

er A 0,4403 ,I5 -lI91.o

114%+-,0't 1  1, Cc 10, ~ t 14 6-6'1 S' 111

a ID Yl, - 37014 -: 4 014 9 6* -'b?- Oý, 1 ,I - 1856, S -I oL01-4

+ -140

+ -9-0 D OO Ui,4 9Od -0I115 (5 -010401 -0114D5 - 0-_1

-4t - 19 -- 3ý'-- ?43 1 -37 T
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Eauation Of the trajeotories.

Eveauation for umull valueg of e

-~rf .A- &"

fr.

~+ (1o L9

+ L zf
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1/3 4.4 1.%

+ .'u + OI~ ~+ 2101C 04 ~~ )

3-
AO s' 2,i V57~2~2

Exp m sion for the potential

rtw 1 A

12- 5- .~'

as 4~ ' .

+ ~ ~

______ ___ 6-10)
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Ve r I.

ve f. r

A 4

±~~~~~: 1 + f+ffhZ 7~

+ ff

S r+L ýg f '¾ " (- ~" +4 f"-4ff~

+s IO f f4 tf I I + z2~ g go I It
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f= + • + , +..

The differential equation is written according to the powers of e z

Power of the first tero

~e

0 --

For the first coaparison of the coefficients (termsin w )e need

the products of the first line.

L05

+ , 0 16he
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I.oEo +-o o '?, q oo 9., 0 13L038

1000 + LC . TZO h 0fu

The compairison given as expected

+1

?or the second oomparison (ter= un we need also the products

2 t

j.o-.

The determination in i gives

,.o , + (06o0 + U40*0 7 2o. D•o0 4 0-00Q

' EL: - -

Ii2
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Pa the *Aidz • opawim (teuam I ) 1 w nea the produats a

%, 11 32

ho ~ ~ ~ 0 o .LS'(Aoooo

So deteimfattiam of given then

O ~~~~ + 10 64o 0 -'23. +4I ~ o

or- Oý1.h0oo0 .1 - I+44o4- 81000

l.OT f4O~ + I•-k ý.f0 + 9, .b O L IO $ 0

€v±+ O1 0 o4 .- 33

I
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The deterinuation of given

Z'4~o2.- 24 4ko g40 + 1i0 64go0

+)4 00o 4- 988go-ý4+ 170-i680~

+ (jott5s2+ i.o)

+ ;~Lýg

The last term is due to the cube 32f 3 of the differential equatioa; it

may be writtea

-=0 0071033608
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Control

t q6

IL~~ oe. r+ f4-~

10 r

r,ý r%

r -01404

r~ ~ ~ t1a I'0L~45-b + 6 +lt)6 F fA
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+ I f Z + 60 fi4.~

+ 4 0b' (15 bo 2-I8Io'Jet(+ ?- 4 J0f(+ 45-73of

+r~~~ 35 1 +4 1 +

Comparisono of the coeffoiciet s
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For fop we get

6x1mp 1e [A : I ['A/

.,1uatiton of the trajectories

k -t,

V fo f'= # t

So.I o.2, 0.30 12 0.5" 6- 0., 0.# s. s. z e

(et (0, see 3ro the wltu0Lo 0o4 4Z3, foa 1h Y ý

ror
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The differential equation gives thon

The only real root of this equation of the third de6ee for

sin"e
L-,-/o -

Sbecomes Infinite when f '-- 0

So that an asMtojexists. Along this asyMtotep we have

2 1~. 3 = 16r /4rtýt? ý9 04i

Let us cal1l the angle of the arymptote and introduce a new

variable Sic 0

We write

+ p + ...
Z"-- + 12 ýt 1- _
Z4' -- ,•• + ZO• I, + ..
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Comparison of the coeffioient
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Result

So that the angle of the asymptote is + +

In the region fre of space charge we have the Laplace's equation

fb r ' r ' r " ' r

Along the asymptote :

let us assume for T a law :

The Laplace's equation gives then

4 o

And, with the initial conditions

This field may be realized by two electrodes one of them being planar

9-= C = o+ 4ý°•*,AIz
and the other an hyperbolic cylinder

rt ( CIO'. CIA' "
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IVTMATION OF E RESULTS.

Let us consider at first the case where B = 09 the figure 18

shows how/ a convergent flat beam could be built; the approximate shape

of the olectrodes is shotn in the figure 24 (b). The current density

of the left hand side gun is highly non uniform since it is zero at the

angle and a more uniform density should be obtained with the right hand

side gmn.

The figures19 and 20 give the trajectories obtained for

various magnetic field the factor Po being related to the magnetic field

by

.' 1 o so J
So z43 E, r w '

w being the Larnior's angular frequency qB/2.

To give a physical meaning to these solutions we must consider the

cathode as a double sheet plane; the initial velocity is zero but the

velocity for 3 = 600 is never zero. (Fig.24 (a)).

A very unexpected result is the singular points which

appear for Fo = 1.025 - 0.884 - 0.746 and probably others for higher

magnetic fields which have not been computed. For these values a zero

velocity - zero potential point occurs at angles of respectively 1320 -

3000 - 218P. It may be considered that these values am interpolated;

the accuracy is about + 005.
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The radius is unity at this point and a mymtry exists between

this virtual cathode and the original cathode. This is shown with more

details in the fiure 2l. The particular case Fo = 1.026 is more care-

fully studied with an equipotential; the equipotential Oorreoponds

to Z = 1 (all the equipotentials in the beam are homothetical).

This case is of interest for the study of the noise because

it is a well defined system in which space charge oscillations could

occur; the symetry may simplify the solution of the equation of pertur-

bation*

A practical such gun could be built with suitable electrodes;

th have not been yet computed and the sketch of the figure 24 (a) is

only an approxination.

If the beam reach just the anode (critical magnetic field).

We have

The total current is I J/r
2

so that
V •b/C

instead of I for a classical brillouin beam.
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A double mode operation(figure 24(d)) could be considered

also.

For magnetic fields a little smaller than the magnetic

field corretponding to the critical points, highly convergent beams

can be obtained since the asymptote of the trajectory goes near the

pole*

This is the case around 0.715; suitable electrodes have

to be computed; such a gun is shown in the figure 24(c).
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