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II.

— — raced at d M  a p a M  of the — orgy aooodated wick tatlrt 
be— , dra—  electro—  frea d o  vlrtatl c>tW» aad aectlcrattt 
eh—  (feroâ i tkt decolorotor umris the collector. Derieg 
this dlecherge process, the virtual cathode dlalatagrat—  eed 
the be—  dlspsrsss eader the Influence of the radial interelec- 
troelc fore— . The beee tbea re-foiM, and the whole proce—  

la repeated at a frequency which depeada on the operating 
conditio— .

The apparatus nay be considered to be the electronic 
analogue to the hydraulic r— . It la, therefore, in the 
following frequently referred to as the "electronic ran”; 
and the acceleration effect produced with this apparatus —  the 
"r—  effect”.



LX-

A pine of tiw axial Mpacic f IcU vidtia tkt coil 

rs. dlstoK* froa the ceorre is ahon it Fi|. 4 for 

a covtaat currat of 5.7 aaperes. This oos che 
uitrrtst — si for mat »1 larl— ata- The pooiuoo of 

the filaaeac of the cathode, sod Che panicles of Che 
decelerator ere also indicated oo che graph.

(b) Eloctroo carreat coasideratloos
Coder opera Clog cnadltioos che space carrot draoa 
froa che cechode sew, as a rale, teaperacare limited; 
beoce depeadeat oa che filaeaar carreat oaly- For 
exse^le, ac an accelerating voltage of 300 eolts, che 
space curreat aas 5 aa ehea the filaaeat r wrreaf aas 
3.8 sops, aad 10 aa, shea che filaoeet carreat aas 
4.2 aapa. To increase che oaCpat to 20 aa, however.



AXIAL INSTANCE FROM CENTRE OF SOLENOID

FIG. 4
Magnetic Field of Focusing Solenoid



the scceleretlag voltaic M  to b« ralaad to 
400 volta, aad the f 11— f curr— t to 4.6 asps.
To m c c o t c the curraat distribution to the various 
electrode*- In the discharge device, the bean 
detecting cqulpaent was joined to flange X (Fig. 1).
The focusing aagnetlc field was adjusted to 260 gauss, 
the space current to 10 aa at an accelerating voltage 
of 300 volts. The collector, auxiliary electrode and 

decelerator were grounded via aaaeters. Under these 

conditions, the current to the collector was found 

to be 7.5 na, and that to the auxiliary electrode 

0.3 aa. The current leading on the decelerator 

was negligibly small, being only 10 - 20 yamps.

The baffles thus intercept about 22% of the total 

emission current.
Output pulse with grounded decelerator

Fig. 5 shows an oscillogram of an output pulse which

was obtained with a Tektronix oscilloscope, Model 543 A,

when the cathode was pulsed. The pulsing capacitor

of 0.0047 yfd was charged to -300 volts and intermittently

connected to the cathode. The filament current was

adjusted so that the peak beam current was 10 ma.

The decelerator was on ground, and the focusing 

field 260 gauss. The collector which received the 

current pulse was connected to the oscilloscope 

via shielded cable. In the photograph, the horizontal



FIG. 5

Output Pule* Without Ran Effect

Output across 10 negohn, docslsrstor on ground, cathods 
Intermittently on -300 v, bean current 1^-10 me, focusing 
field B - 260 gauss, tine scale 0.5 naec/cn, sensitivity 
2 v/cn, single sweep, tine Increases to right.





scale Is 0.5 milliseconds/ , the vertical scale
CM

2 volts/ Tine Increases to the right, cm

The total capacitance of the collector system, 

Including the Input capacitance of the oscillos
cope Is 21 picofarads, which Is shunted by a 10 

megohm resistance to ground. The pulse observed 

on the oscilloscope, hence depicts the voltage 

to which this capacitance was charged up by the 

electron current. The rounded top, which Is due 

to the tall portion of the electron beam, is 

followed by the exponential decay of the voltage 

on the output capacitance. The pulse is negative, 

indicating an electronic current.

Output pulses with negatively biased decelerator 

Before proceeding to the description of the actual 

energy measurements, it will be shown what happens 

to the output pulse when the decelerator is not 

grounded but at a potential which is negative 

with respect to the cathode. The oscillogram in 

Fig. 6, for instance, was obtained under the same 

conditions as that in Fig. 5, except that the 

decelerator was at a potential of -600 volts with 

respect to ground. As distinct from the exponential 

decay of the output voltage, the trace of the pulse 

rise is invisible. Obviously the writing speed
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TIG. 6 (a)
Output Pulses With l a  Effect

; i
Output ecrose 10 nagofaa, decelerator on -600 v, cathode inter- i

c t

alttently on -300 v, I - 10 na, B - 260 gauss, tine scale 0,5 sjsac/cn,
i j

sensitivity 0.3 v/cm, single sweep.
i  i





FIG. 6 (b)

Output Pulsss With Rm Effact 
Saw conditions as 6 (a), axcapt tlaa seals la 0.05 assc/ca.





no. 6 (c)
Output Pulses With Im  Iffect 

Output across 1 Kohu, dacalarator on *600 v, cathode continuousl̂ r 
on -300 ▼, 1^ ■ 3 m , B ■ 260 gwii, tlae scale 0.5 asec/cB,j 
sensitivity 0*05 v/cn, single sweep. j i





of the scope was too slow for the sudden rise.

Fig. 6(b) shows a similar pulse, obtained under 

the same conditions, with expanded time base 

and higher writing intensity of the oscilloscope. 

Fig. 6(c) shows the output when the cathode is 

continuously operated. The beam current here was 

3 ma, the cathode on -300 volts, the decelerator 

on -600 volts with respect to ground, and the 

focusing field was 260 gauss. The oscilloscope 

input in this case was shunted by a lKft resistance, 

to reduce the time constant of the output circuit. 

Many small negative spikes were observed, each 

corresponding to an electron pulse. No satisfactory 

synchronization of the output pulses could be 

achieved to determine the "natural frequency" 

of the occurrence of the ram effect.



20.

V Energy Measurements and Results

(a) Electric Deflection Method

Referring to Fig. 7, if A is the point of entry of 

an electron of energy eV into an electric field, 

its perpendicular deflection y after having travelled 

a distance (L + $ £) is given by the familiar formula

y « U£(L + \ «.)/2Vd (1)

where V denotes the accelerating voltage 

U the deflecting voltage 

I the length of the deflecting plates P 

L the distance between plates and collector C 

y the perpendicular deflection from the axis 

Accordingly, a deflecting plate system was built; 

it is shown schematically in Fig. 8. When connected 

to flange X in Fig. 1, with the beam detecting 

apparatus joined to flange Y as shown in Fig. 8, 

the following quantities of Eq. (1) are geometrically 

fixed at the values: 
d « 0.64 cm 

I ■ 2.46 cm 

(L + \ £) = 12.33 cm 

y = 0.37 cm
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Substituting these values in (1), and solving 

for V,

V - 64 U

is obtained for the energy of electrons that just 

miss the edge of the collector at a deflection 

voltage U.

The baffles in front of and behind the deflecting 

plates have circular openings 0.5 cm in diameter, 

and the distance between the end of the decelerator 
and the first baffle is 19 cm.

The output current from the collector was measured 

with a sensitive electrometer (Keithley Model 610 A). 

The auxiliary electrode was held at +18 v with 

respect to ground by a dry battery, to suppress 

the emission of secondary electrons by stray 

primaries.

Typical results of the deflecting plates measurements 

are presented in Fig. 9 in form of a graph in which 

the collector current is plotted versus deflecting 

voltage for three different modes of operation.

Curve (1) was obtained without ram effect, i.e., 

with the decelerator on ground and the cathode on 

-900v; curve (2) with ram effect, i.e., decelerator 

on -900v and the cathode intermittently on -300v 

relative to ground at a rate of 60 cps;
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curve (3) under the same conditions as 

curve (2), except that the cathode was not 

pulsed but continuously operated. The larger 

output in this case is due to the higher 

repetition rate of the ram effect. For the 

operation without ram effect the filament current 

was adjusted to give at zero deflecting voltage 

the same reading as for the continuous operation 

with ram effect. Reversing the polarity of the 

voltages across the deflector plates did not 

appreciably change the results, which indicates 

that the beam was well centered.

Curve (1) shows that without ram effect the 

output current drops rapidly as the deflecting 

voltage increases, being at 10 v only 1% of its 

initial value. Apparently the diameter of the 

beam was approximately equal to that of the 

circular hole in the baffles. The more the beam 

deviates from the axis the smaller the fraction 

of the beam that impinges on the collector.

If the cross-section of the beam were negligibly 

small relative to that of the aperture of the 

baffle, the collector current would remain 

constant until the voltage reaches the "cut-off" 

value at which the beam would just miss the 

collector. Theoretically, the value of the cut-off



7k.

voltage for 900 v-elactrons m e  foni to be 
14 v.
Table (1) gives results of deflectloa plate
aeasureaeats under various operating conditions.
Here 1^ stands for bean current
accelerating voltage, for focusing aagnetlc

field and E for beam-stopping potential on 8
the decelerator.

Table 1

Current recorded at collector as a function of 

deflecting voltage, under various operating 

conditions in units of 10 *2 amps.

u b c d e

0 4.8 3.4 6.3 8.2
10 4.9 3.5 6.0 8.0
20 4.9 3.4 6.2 7.9
30 4.7 3.2 6.0 7.8
40 4.6 3.2 6.1 8.0
50 4.6 3.4 6.0 7.7
60 4.8 3.2 6.2 7.5
70 4.9 3.6 6.1 7.5
80 4.6 3.4 5.8 7.6
90 4.4 3.5 5.5 7.2
100 4.4 3.1 4.6 6.4
110 3.6 3.1 3.8 5.7
120 2.2 2.5 3.0 5.5
130 1.8 2.3 2.1 4.7
140 0.8 1.7 1.3 4.0



27.
(a) <b) (c) (4) («)

10 mm 10 mm 5 m  10 m 20 m

s -300volts -300volts -300volts -300volts -400volts

260gauss 200gauss 260gsuss 260gsuss 260g«uss

Es -900volts -900volts -900volts -450volts -600volts

(a) are the conditions of curve (2) Fig. 9.

(b) Magnetic Deflection Method

Suppose that, as shown In Fig. 10, an electron 

moving along AO meets at 0 the boundary of a 

uniform magnetic field of flux density B and 

direction perpendicular to axes X and T.

Using mks units, the deflection y Is given by

y « (e x1* B2/8mV)^ (3)

where V is the accelerating voltage

— the electronic charge to mass ratio m
x the distance traversed in B 

y the perpendicular deflection 

B the flux density 

A beta-ray spectrometer was designed and built; 

as schematically shown in Fig. 11.

The circular chamber was machined out of a solid 

piece of brass, the cylindrical cavity being 

1.6 cm deep. It was sealed off by means of a



I

II

FIG. 10
Deflection by a Magnetic Field
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plexiglass plate and a wire mesh screen, to shield 

the cavity from external fields. Two collecting 

electrodes and a slotted metallic partition are 

situated In the cavity. A set of specifically 

designed Helmholtz colls provided a reasonably 

uniform axial magnetic field. The flux density 

distribution Is shown In Fig. 12. The Helmholtz 

colls could stand, for a short time a current of 

14 amps; the experimentally determined relation 

between the coll current and the resulting average 

magnetic field over the electron path in gauss is

B - 6 I

where I is in amperes. Originally it was intended

to deflect the beam into a semicircular path through

the slot to the lower collector, but the magnetic

field proved to be too weak to accomplish this.

Fig. 14 shows the complete experimental arrangement,

with the beta-ray spectrometer attached.

Substituting the geometrically fixed values of

x » 4 x 10"2 m

y = 10 2 m

and — ■ 1.76 x 10** coul/kg in
in Eq. (3), and using the relation (4), the energy V





of elactroH chtt jMt bIm  the 
collecting cup is gives by

V » 200 I2

The output current as a function of the coil 

current was investigated under the sane operating 

conditions as the effect of the electric deflection. 

Typical results of these studies are again presented 

in form of a graph, in which the output current in 

amperes is plotted versus coil current in amperes. 

Curve (1) in Fig. 13 was obtained with the decele- 

rator on ground and the cathode on -900 v relative 

to ground; i.e., without ram effect; Curve (2) 

with the decelerator on -900 v and the cathode 

pulsed with -300 v relative to ground; Curve (3) 

under the same conditions as Curve (2), except that 

the cathode was continuously on -300 v with respect 

to ground.

Consistent with the deflection plate results, 

varying the operating parameters did not significantly 

affect the results obtained. In all experiments, 

whenever the electron beam was deflected in front of 

the decelerator by means of a permanent magnet, 

or the focusing field turned off, or the cathode
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4 5 6 7 8 9
COIL CURRENT (AMPS)

FIG. 13
Collector Current Vs. Current In Helmholtz Colls - (1) Without Ram Effect

(2) With Ram Effect, pulsed 
operation

(3) With Ram Effect, continuous operation.
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potential removed, or the filament current turned 
off, the output invariably dropped to aero.
This proves that the observed output was entirely 
due to the transmitted portion of the bean, 
and by no means caused by ionization or pick-up 
effects.







VI Discussion of Results

Comparing the shape of the output pulse in Fig. 5 

with that of the output pulse in Fig. 6, one notices a 

drastic difference. This indicates that the discharge 

mechanism in the case of the negatively biased decelerator 

differs considerably from that with the decelerator grounded. 

Apart from the reduced size of the pulse in the second case 

due to the much smaller charge impinging on the collector, 

the rise of the pulse is almost instantaneous. Obviously, 

when the decelerator is negative with respect to the cathode, 

an acceleration effect occurs, which produces a burst of a 

small, extremely fast electronic charge.

Under continuous operation, as shown in Fig. 6(c), 

the ram effect takes place much more frequently, although 

somewhat erratically. This is not surprising in view of 

the inherent statistical character of the result of a collision 

between a beam of interacting electrons with a potential 

barrier. Successive beams cannot be expected to be identical 

in every respect. Fluctuations in the beam structure are 

likely to affect the entire discharge process, including 

deceleration, dispersion and reformation of the beam.

Frequently a reformed beam may not produce an output pulse 

at all, e.g. when the cathode was intermittently operated,



the frequency of the output pulses was always below that of 

the pulser. Although the time constant of the pulsing circuit 

was roughly 100 times larger than the transit time of the 

beam (0.1 usee at 300 eV), only on rare occasions was more 

than one output pulse per cycle of the pulser observed.

Turning now to the evaluation of the actual energy 

measurements of the electrons constituting these pulses,

Curve (2) of Fig. 9 shows that the current, plotted versus 

deflection plate voltage, remains constant at 5.2 x 10 12 amps 

up to 100 volts. Only when the deflecting voltage exceeds 

100 volts a decrease of output current sets In. Applying 

the relation for beam energy (3)

V » 64 U,

one obtains for U ■ 100 volts an energy of 6.4 KeV for the 

output electrons. This, however, only represents the lowest 

energy in the output beam which passes through both deflection 

plate baffles. The current is far from being completely cut off 

at U * 140 volts, it actually could still be detected at 

U = 300 volts. Thus the electrons accelerated into the collec

tor exhibit a spectrum of energies from 6.4 KeV upward.

Curve (3) shows the same behavior, only here the average current 

is larger due to the more frequent occurrence of the accelerating 

effect. As can be seen from Curve (1), when a beam of 900 eV 

energy is directed through the deflecting plates, it drops sharply,



and is completely cut off at U - 15 volts. The theoretical 

cut-off value is U * 14 volts. Referring to Table 1, variations 

of the operating parameters does not appreciably affect the 

results.

From Fig. it is seen that curves (2) and (3) do not 

differ qualitatively. However, the presence of a soft component 

appears in the output, namely electrons which seem to have an 

energy of about 900eV. These electrons were not discovered 

in the deflection plate measurements because of the use of 

baffles. Their energy indicates that they essentially accelerated 

by traversing the voltage between decelerator and envelope. 

Consequently, they are eliminated from the output beam at a 

coil current of 2 amps.

The straight portion of the graph now allows an easy 

determination of the minimum energy of the electrons. Making 

use of the energy-coil current relation (5)

V = 200 I2

and inspecting the graphs, one finds an energy of 7.2 KeV for 

a coil current of 6 amps, at which value the output current 

begins to decrease. This energy agrees very well with the 

value found by the electrostatic deflection measurements.

Curve (1) again depicts the behavior of 900 eV electrons. 

The current drops sharply with increasing magnetic field, and



is completely cut off at a coll current of 2 amps.

It is interesting to calculate the average energy of the 

electrons in the output pulse. With a few simplifying assumptions 
and the aid of the oscillograms one can estimate the average 

output as follows. The energy invested in the initial beam 

is given by

wb - V  “ w

where is the accelerating voltage, q the total beam charge 

which is equal to the product of 1̂ , the beam current, and t, 

the transit time. The energy of the output charge Aq is

Wq - jAqV

where V is the average energy level of the output electrons. 

Assuming a 100% energy transfer from the input beam to the 

output beam

V  - jAqV

and

V - 2^1^/Aq



From the oscillograms In Fig. 6(a), the output capacitance 

of 21 yyf Is found to be charged up to 2 volts. This gives a 

value for Aq of 4.2 x 10 11 coulombs. The beam current 1^

In this case was 10 ma, the accelerating voltage 300 volts 

and the transit time was 0.1 ysec. Substituting these values 

in Eq. (6), the average energy in eV is V ■ 15 KeV, which 

in view of the assumptions is in reasonable agreement with 

the experimental values.



VII Conclusion 

The main purpose of this work was to demonstrate that 

a transfer of the energy of an advancing electron beam to the 

electrons at the front of the beam occurs upon collision of 

the beam with a potential barrier whose height exceeds the 

energy of the electrons in the beam. To study in detail 

this energy transfer, further experimentation will be necessary 

with discharge devices which permit independent variation of 

the operation parameters.
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