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An experimental study of collective effect
acceleration of electrons in electron beams.
by Alain Coutu
Abstract

A discharge device was built to examine experimentally
the acceleration by a collective space-charge effect in elec-
tron beams. The avpparatus comprises a cathode at one end of
a 100 cm long evacuated copper tube, a 7.9 cm long lucite
tube in series with a velocity selector on the other end,
and a 100 cm solenoid around the copper tube which produces
a static magnetic field uniform through the groundec tube,
but ravnidly falling off towards the cathode and the lucite
tubing. The emitted electrons form a cylindrical beam ad-
vancing in a screwlike manner towards the lucite tube. The
decreasing flux there decelerates the angular velocity of
the electrons; the absence of image-charges causes the deve-
looment of a vpotential barrier which reduces the axial velo-
city of the arriving electrons. As & result of this simul-
taneous deceleration of angular and axial velocities the
beam is reflected, and the electrons beyond the potential
barrier become accelerated into the velocity selector. The
avnaratus operated with -500 V cathode potential relative
to ground, 10 mA" beam current and 300 G flux density, acqe-

lerated electrons to energies of at least 20 keV,
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ABSTRACT
A simple discharge device was Dilt and operated to examine
experimentally the acceleration by a collective space-charge effect
in electron beams. The apparatus comprises a cethode at one cnd of
2 10C em long cvacuated copper tube, a 7.9 cm long lucite tube in
series with a velocity selector and collector clectrode on the other

cnd, and a 100 cm solenoid coll around the copper tube which produccs

a otatic axial masnctic field uniform thrcough the grounded coy
tube, but rapidly felling ofl towards the negetive cathede and the
lucite tubing. Under the influence of this magncetic field and the
voltage applied to the cathode, the cmitted elcctrons form a cyline
drical beam advancing in a screwlike manner towvards the lucite tube.

1

here decclerates the angular velocity of the

ot

The decreacing flux

<

N

electrons; the gbscnce of image-charges causes the development of

a potential barrier which reduces the axial vclocity of the arrviving
electrons to zero. Ag a result of this simultaneous deccleration

of angular and exial velocities the beam is reflected. In the process
of this reflection the electrons beyond the potontial barricr become
accelerated into and through the velocity selcctor towards the
collector electrode. The beam in front of {the potential berrier
recolls and disperses, snother beam 1s formed and the whole process

iz repcated. The aratus operated with -500 V cathode potential

relative to ground, 10mA Leam current snd 300 G flux density, accel-
erated electrons to energies of at least 20 keV. The energies were

nmegsured with a specifically designed veloelity selector.
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CHAPTER 1

Introduction

Tn a paper by Hecse and Raudorf (1969) the ecceleration of
rons by an electrodynemic cffect is reported and diceoussed.
recording to the paper, @ cylindrical stream of clectrons irmersed in
a longitudinal focusing megnetic fleld advances tovords a coaxial tubulsr
eretor electrode vhich s negative with respect to the cathode. The

retarding electric field there stops the arrivinz clectrons and the

(D

running on of the succeeding electrons causes the charge density within

the front portion a»f the beam to grow and the potential to drop. Finsll
el & &

I
”

a virtval cathode is formed, the potential of which is below that of the

decelerator. The electrons shead of the virtval cathode are accelerated
into the decelerator as they traverse the potential difference between

the decelerator and the virtual cathode.

The formation of the virtuval cathode ig brought about by stopping

the front electrons. The scceleration process, thereforzs, will depend

greatly on the method of decelerating the electrons which constitute

N
Leoam.

the front portion of the
The purpose of this work was to employ different methods of

beamn and to investigate in cach case the resulting accele-

ration of elesctrons with the ald of a specially constructed velocity
ES ]

filter. ZEgsentially three distinet methods were uvsed. The first one

v

tiffered from that reported by Heese and Raudorf (loc.cit) merely in

N

that the decclerator was not connected to any cxternsl voltase source but

Yopt "floating". By interceptine partially the clectron stream during opere-



tina it cherzed ap nezatively with respect to the cathode and
thue save rise to the ecceleration process in the same wey as the
decelerator clectrode.  The sccecond method comsisted in convertlop
the axial velocity of the front electrons completely to angular
velecity by letting the electron stream enter a coaxial magnetic
sapidly inereasing flux density (Billinzton and Raudorf
1051Y . Simpler and more efficient, however, than either method,

-

proved the third one to be. For this reason, it was decided to

report in the following only on the third method which differed from

the others mainly in that Poth cathode and collector system were
outside the applied focrsing magnetic field. Tt is best explained
in condrnetion with the description of tha device which scrved to

test the method.
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CHATETR 2

Experimental Arrangement

A diagrammatical representation of the discharge device is

e

.

aiven in figure 1. It is cxially symmetric and essentially consists of
the following components. An electron gun G on one end of a 100 cm
long copper tube Tl of 2 cm inner diameter, and a 7.9 em long lucite
tube TP of the same inner diameter on the other end, followed by a
veloclity selector 5 within a copper tube T5 which is terminated by a

collector electrode C. The metal housing, baffles B, and one of the

deflecting plates F in the velocity filter are grounded, whereas the

other deflecting plate, the collector €, cathode K and Wehnelt cylinder
W of the electron gun are electrically insulated from the metal envelope.
The main purpose of the baffles vhich are non-magnetic as all other parts
of the system, is to assist in projecting a coaxial cylindrical clectron
beam of a meximmm diameter of 0.5 cm.

The collector which is tubuvlar in shape to suppress sccondary
emlssion, was connected to the input of a Keithley electrometer Model
610B, or a Tektronix oscilloscope Type 543A. A solenoid coil wound
around the tube T , served to produce an axially symmetric longitudinel

agnetic field within T,. For evacuating the system, a mechenicel fore=

.

pump and a water-cooled oll vapour nump equipped with a liquid air trap
were used. The experiments were corried out at pressures around 0.5

vtorr. L transformer supplied the filament power of akout 25 watts.

Independent regulsted power supnly units were employed for the d.c.



supply to the solenoid coil and the various electrodes. During opera-
tion the voltasze applied to the cathode was negative with respect to

around.

\J1



CHAPTFR %

Operation

The opcration of the device may be swmed up as follows.
Under the influence of the steady magnetic field, the electrons drawn
from the cathode form, as they enter the focusing magnetic field, a
cyvlindrical stream which is coaxial with respect to the applied magnetic
field. The amount of the angular momentwm of an electron at a polint of
its trajectory is proportional to the difference between the flnx
traversing the circle through the point considered around the axis
of the system, and the flux traversing the circle defined by the point
of emission on the cathode (Brillouvin 1945). If the applied magnetic
field is zero on the cathode, the angular velocity of an electron in
the stream is proportional. to the flux density of the uniform magnetic
field within the solenoid coil. Hence the angular velocity is the same
for all the electrons passing down the drift tube Tl' The cylindrical
structure of the stream is controlled by the steady longitudinal field,
and the space=charge density within the beam is uniform and prorortional
to the sguare of the flux density. The axiel velocity of the electrons
is also uwniform and is the same for all electrons. In sum, the electrons
projected into the focusing field form a cylindricel beam which rotates
about its axis as a unit and advances in the same manncr as a screv.

Nt the Junction of T, and T, the electron stream emerges from

the focusing magnetic field. The front electrons there encounter field

conditions which are antisymmetric to those at the entrance of TT' Con~
sequently thelr angular velocity will be converted back to axial velocity.

The sbsence of image charges in the plastic envelope, however,
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CHAPTER L

In order to provide a wide range of experimental conditions,
it was neccssary to allow great variability in three important
factors, viz, magnetic flux density, cathode votential, and emission
current. Also the apparatus had to be constructed so that the
major components were readily accessible. Neoprene O-rings were
used at all demountable flanges and hard solder at Jjoints. Although
all discharge experiments werc conducted under high vacuum, any
ad justment to the cathode necessitated opening of the gun and
exposing the cathode to the air. Oxide-coated cathodes and thoriated
tungsten cathodes are susceptible to polsoning and easlly damaged
by ion bombardment. Hence it was decided to employ a directly-
heated pure tungsten cathode in form of a simple spiral of 7 turns.
Tungsten wire of 0.022 cm diamcter was chosen to produce a cathode
of reasonsble rigidity. A Wehnelt cylinder of 1.1 cm diameter
surrounded the filament spiral. Finally the whole cathode assembly
was mounted on & multiple header as shown in figure 2, which sealed

£

the cathode end of the drift tube T1‘

Coaxially inserted between the other end of Tl and the metal

v

housing of the velocity selector, was the 7.9 cm long piece of
lucite tubing. In series with the veloclty selector 3 followed the
collector assembly C within a metal hovsing that was hermetically
sealed by a terminal wroviding both support and electrical connecte

ion to the collector electrode (figure 3). The construction of the
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clasts

v worth while mentioning.

and did not cause any difficulty
&

of the velecity filter, howvever, posed problens.

suhsequently presented and discussed.

s

fhedlr

tic gectlon and that of the collector system wae straicht forward

The desim

solutions are
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CHAPTER 5

he Velocity Selector

5.1 THOMSOW'S CROBSED FIBELDS METHOD

Thomson succeeded in measuring the ratio e¢/m for

JoJ.
cethode rays by a method in which the effect produced by an

electrostatic fileld  was balanced by that dve to a magnetic field

1

elds ELand B were at right angle to each other
~

)

2. Since the
N

(fimure h) and exactly cancelled ovt their separate

the electrons with veloelity v, the net force:

N
“n vy
T =@ (.,.’; 4+ voA B
A Pad ~ ~
was zero, glving the condition:
(VU= Vo= “8‘/ 3
A

MAGNETIC FIELD B

DEFLECTING PLATES

VELOCITY OF ELECTRONS Vv

ELECTRIC FIELD E

ELECTRON e

FIGURE 4. BALANCED ELECTRIC AND MAGNETIC
FIELDS BETWEEN PLATES



13.

The system of crossed electric and marnetic fields is often
used as a velocitv selector or filter, All electrons which possess
the speed v=F/m_  move in a strairht line, and if their vath is
defined by a series of slits or aperturas, onlv electrons with
speeds v== E/R can nass throush the svstem, Converselv, if ¥ and
R are piven, then the speed of the electrons traversine the filter
is determined. Once the speed is known, the enerpgv of the electrons
can bhe computed, A velocity seleactor thus avpears to he a simvle
device for measuring both velocities and energies of electrons,

In order to obtain accurate results, it is necessarv that the ratio
T/R is the same st all points alongs the trajectories of the elec-
trons. To achieve this would not be difficult if it were possible
to vproduce fields which are uniforr within a finite region and zero
outside the region, Since this is not the case, one must ensure
that the relevant electric and magnetic fringe fields fall off

in such a manner that the constancy of the ratio E/R is preserved,
™is was to a high degree accomplished in the following way.

STUDY OF TH® MAGN®ETIC FIELD

™e uniform magnetic field was vroduced with Felmholtz coils,
They consisted of a pair of coaxial, circular loops of the same
radius a, equal in turns n, their centers separated by a Aistance
a, and carrying the same current in the same cloc sense, The
radius a hanvened to be 3,67 cm and each coil had 118 turns of Ho.
18 pauge wire, The coil was energized with different currents and

the flux density in each case measured (figure 5) along the
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probable trajectory of an electron, that is, rcferring to fipure
1. along the axis of T5 between the openings of the two baffles
in the velocity fillter. The flux density at all points was found
to be proportional to the encrgizing current. The resuvlts of
these measurements are summarily presented in the figure 6

which shows the variation of the quantity H/Bmax along the
longitudinal exis of the velocity selector for three different
values of B 5 B o being the value of the uniform flux density

al the center of the coils.

STUDY OF 170 ELECTRIC

The problem was to produce an electrostatic field perpendic=-
ular to B which is simllarly modified by the edge effects as the
magnetic field. A calculation showed that plane parallel plates
would not be setisfactory. The end portions of the parallel
plates were then eltered, and the fringe ficld lunvestigated by
means of an electrolytic trough. Referring to figure 7, aluminum
plates similated the actual deflecting plates, a Cenco audio
oscillator (1000 cps) served as voltage source, a proi€ »lus an
oscilloscope as detector. Starting with a tentative pair of
deflecting plates, the equipotential lines wore experimentally
determined (figure 7), and the corresponding field lines construct-
ed. Tmploying the method of successive approximation, the optimal
shepe for the plates was finally found. It is presented in
figure 8 wvhich shows the velocity selector viewed in the direct-
ion of the marmetic induction lines. Figure 9 presents the

variation of ©/Z _ along the expected trajectory of the electrons
Al

)

in the velocity filte Comparing the grephs in figure 6 and in
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21,

figure 9, it apnears that the fringe portions of the electric
and mapnetic fields agree reasonably well,

DTMPMSIONS OF ™F VELOCI™Y SELECTOR

Referrine +o figures 10 and R, the length of the deflecting
plates was 8,9 cm and the width 1,5 cm, The vparallel vnortion of
the plates was h,1 cm and O, cm anart, The diversine section
was h,R em long, the separation between the ends being 1.1
cm. ™e plates were vositioned bv stainless steel rods which
were insulated against the copper envelope bv phenolite and
sealed with evoxv., The spacing between the plates and the
baffles at the entrance and exit of the velocitv selector
was 0,3 cm and the diameter of the amertures in the baffles was
0.13 cm, Regulated power supplies provided the voltage for

the plates and the current for the Helmholtz coils,
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6.2

CHAPTER A

Preliminary Measurements

FLUX DENSTTY OF FOCUSING MAGNE™IC WTELD

The solenoid focusing coil was energized and the flux Adensity

measured along the axis of the system with a calibrated gaussmeter,

As exmnected the flux density was found to fall off raridlv towerds
the cathode and the lucite tuhring, and to be constant throushout
the drift tube T,., A plot of the axial flux density within ™

versus distance from the center of Tl is presented in firure 11,
The relationship bhetween Baxial and the energcizing current 1 was

linear and piven bhv the empipically found equation B = hI5,0 1

axial
gauss, wher~ I is measured in anmps,

A similar equation related the constant flux densitv B in
gauss, due to the current T in amps throush the Helmholtz coils,
viz,

B-= 32,h I pauss (fipure 12)

CALTRRATION OF THE VELOCTI™Y SELECTNR

In order to calihrate the velocitv selector, the elactron run
was mounted coaxiallv with the velocityv selactor and collector
assemblv such that the distance between the cathode and first
selector baffla was about 8 crm, Voltages ranrine “rom =500 V tn
<2NNN V relative to the grounded haffles in stevs of 500 V were

anplied to the cathode, ™he emission current varied from
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5 mA to 15.5 nA. The magnetic field B, generated by the Helmholiz

colls was kept constant at 15 gauss in the first series of messure-

ments, and 6 gauvss in the second series. ‘The balancing electric
Tfield 3 was calculated from the valve of the voltages applied to

the deflecting plates and the geonmetry of the plates. These
neasurenents showed that for a gilven cathode voltage, i.e. given
velocity of the clectrons, the voltage across the deflecting
plates of the velocity filter at which the collector current
reached a mexinmm, egreed on the average with the theorcetical
value derived from £ = vB. In other words, the values of the

S

electron velocities obtained from a series of measurements of

the voltages on the deflecting plates corresponded on the average
to the actual velues, that is to the values of the velocities
determined by the cathode voltages. The deviation of the values,
ascertained by the velocity selector from the actual values tiincd
out to Dbe iloﬁ. Sece figures 134 and 153. Consequently, the error
in the computation of the electron encergies ¥ from the voltages

o
i

V_ between the deflecting plates amounted to =201

as indicated

]

in the plots of U versus V_ in figvres 1A and 1L4B.
v

B

ZLECTRON OPTICS

A convenlent wey of checking on the clectron optics of the

electron gun and the aligmment of the varlous parts of the systen

oL

1..1.
C!_
O
3
i
\'”)
0]

<
3

bean current at the end of the drift tube T, and

compare 1t to the total current emitted by the cathode. Far thig

purrose, a swneelal collector assenbly was connected to the flanges

~

at the end of Tl such that the collecting electrode was Just



6h

within the focusing magnetic field, Tt was found that under
operatines conditions, 60 to A5% of the total current mnassed down
the drift tube, the remainine portion was interceoted by the
haffles, primarily by the baffle closest to the cathode, In
view of the fact that the emissive surface of the cathode was
neither plane nor equipotential, nor free of the marnetic field
produced hy the filament current, the distribution of the current,
and hence the electron optics, wes considered as bheines satisfac-
tory.

Dependines on the voltages apvplied to the cathode, the beam
current ranged from 5 o0 30 mA anA was steady unless the cathode
was Pulsed,

TUNCTTION OF THE LUCTTE mURM

Accordine to the nhvsical picture underlyins the acceleration
method, the insertion of the plastic tubhine hetween drift tuhe
and collecter should introduce an instability in the discharce
process, Tn spite of continuous operation of the cathode, the
collector current should hecome intermittent for reasons given in
section ''Operation'' of this work,

To examine whether this is the case, the 7.9 cm long tube was
fitted between Arift tube and collector assembly, The collector
electrode was connected teo the vertical innut of a Tektronix
oscilloscone, Tvpe Sh3A, The voltage on +he cathede was =300 V
relative to ground and steadv, As exPected the output consisted
of current pulses, ™he oscilloeram in fipure 15 illustrates the
output voltage across a resistor of 1 Ka.between collector and

rround, Neither the rate of recurrence ncor the amplitudes of

30.
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is not

in view of the inherent statistical character of the result of
8 collision between a beam of Inloracting electrone and o

[

sotential barrier set up by en electrodynsdical spaco-charge

affect. neecssive beams cannot bho oxrected to he identical

in every respect, amd fluctuations in the bean structure are
egs, including decel-

lon, dispersion and refeormation of the becam.
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CHAPTER 7

Inergy Measurements and Results

The energy W invested in the electron beam before its
deceleration is given by W = kIUt, where k is a factor accounting
Tor the interception of space~-current by the baffles, I the emission
current, U the voltage between drift tube and cathode, t the transit
time, that is the time it takes the beam to travel from the cathodec to
the Jjunction of drift tube and lucite tube. W heing supplied by the
external power supply, condists of magnetic energy Wﬁ, kinetic energy
Wk, and electric enercy we' Ve is responsible for the dispersion of the
beam after its deceleration and represents wasted encrgy which ultimately
urnsg to heat.

During the deceleration or bunching period the charge eogq,
which is small relative to the total electronic charge in the beam,
is lifted to the energy level V, where V is the potential of the
virtual cathode relative to ground. Inergy preservation reguires that
ag = W-W,. After the bunching period, the small charge Aq becomes the
obJject uvpon which the inducecd axial electric field, generated by the
total moving charge in the beam, acts. As this charge gains momentum,
the induced field collapses. During the discharge the space-charge

density in the front portion of the beam decreases and the potential

barrier recedes along the beam, becoming smaller and smaller until

it vaniches. This "recoiling”

of the potential barrier may be regarded

as the recaction to the propulsion of the charge ag.



FIGURE IS. OUTPUT PULSES WITH RAM EFFECT.

OUTPUT ACROSS 1,000 OHMS

BEAM STOPPED BY VIRTUE OF THE LUCITE TUBE
CATHODE VOLTAGE=-300 VOLTS

BEAM CURRENT=5 MA,

FILAMENT CURRENT= 4.4 AMP.

FOCUSING MAGNETIC FIELD=130 G

TIME SCALE =0.1 MSEC/CM

SENSITIVITY =0.05 VOLT/CM
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The energy in elcctronavolts of the fastest electrons is
7, provided losses duc to radiation are neglizible, and that of the
slowest electrons is zero.

To measure the enersies of the ejected electrons, the
velocity selector was inserted between the lucite tubing and the
collector assenbly. The collector electrode was connected through
a carefully shielded cable to a Keithley electrametcr, Model 610B.

The output consisted of pulses similar to those in figure 15,
but smaller in size because of the filter action of the wvelocity
selector. The average output current as recorded hy the electrometer
was very low, particularly when the cathode was pulsed. Apart from
a lesser repetition rate of the output, the pulsed operation of the
device did not differ in any other respect from the continuous opera-
tion. For this rcason the energy measurements were carriced out with
continuously operated cathode.

Several sets of measurements were taken under the following
operating conditions: +the cathode voltage ~-500 V with respect to
ground end steady, the filament current was gbouvt 1.6 A, the total
emisgion on the average 12 mA, and vacuun pressures around 0.5

Ftorr. The optimal focusing magnetic field was found to be 240

gauss. The flux density in the velocity selector was kept constant

[

during cach set of measurements. In most of cases, it was 15 G,

but € © and 30 ¢ were also used. The voltage across the deflecting

-

plates was varied in small steps and the output current I at each

plate voltage ‘T recorded. TFor each plate volteze the velocity and

the eneroy of the electrons congtituting the output current I were

relativistically calculated.
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FIGURE 16. AVERAGE COLLECTOR CURRENT
VS AVERAGE ELECTRON ENERGY
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Finally the average values of I were formed using the data
obtained from the series of measurements, and plotted versus the
corresponding average energy velues. The graph in figure 16 is
such a plot presenting summerily the results of the energy measure-
ments .

Since I = gpv, where P is the current density, v the
electron velocity, and g a constant factor depending on the geometry
of the velocity selector, it follows that £ o I/v. The ratio I/v
on the other hand, may be considered as dependent on the energy W
and thus used to describe qualitatively the energy distribution of

the electrons which make up the ejected charge pAq. Figure 15 in which

T is plotted versus W shows that the number of electrons having
av

energy W falls off rapidly with increasing W.
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CHAPTER £

Sumarizing, one can say that the method of stopying the nean

enployed in this

sroved to be succesaful. The cnergy range ol
the accelerated clectron: extends well beyond 20 leV,
tines the energy of the electrons entering the drilt tube.

To confirm the order of magnitude of these energies, the

tibe was terminated with a thin mica shcet which could he

of av least 20 keV.

In fact, electronic current was rezistered by the electro-

the device was operated. Deflecting the electron strean

NENEN B AN . - . -3 » -, ey q
¢ trvbe by holdin:s car magnet against the tu

-

ng magnetic field, or the filament current, invariably redced

tuae ovtput to zero. The mica sheet was afterwards checked for holes

a helium legk detector, Hut no holes covid be found.

b Es]

The method of nroducing the desired space-charge effect

5

)

A

inzerting a pleee of nlastic tubling

pe sinple and effect-

ive. Tractically, however, it has a serious disadventage. The 311

s

metellization of the inrer or outer surfece of the lucite tube mel

tne tike ineffective. After comparstively short operation, it has

to be thoroughly cleanad to restore its efficiency.

-

Varylng hean current, decelerator blags, cathode voltage and

Tl density have little effect on the cners renge of the output

electrons;, a good vaenum, however, is




It should be mentioned that reversing sim itanenusly the

he ovtput which showed that the

exial syrmetry of the device was satisfactory.

and electric fields in the velocity select



CHAPITR ©

Cenclusion

Comparing the results reported above with those obtained by

Heese and Raudorf (1969), it sppears that the method of decelerating

the electron beam with the ald of a dielectric tube is superior to that

employing a negatively blased electrode to stop the beam. A more
quantitative study of the influence of the beam deceleration method

on the acceleration process would require an improved discharge device
which permits independent change of the various operating parameters,
such as cathode voltage, beam current, focusing magnetic field and

electron optics.
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