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T pe—eien

"he meretios W e PEErEtus Ty e sulinel Uy
nlloss. ‘wler rtw Lufleense f he mpplisd ccamdy asisl
Tagmetisr “leid. "he sisotrows dCawe fros Che catimie fom
v vitmsricsl stresm oich le comwisl etth respest Co the
wpliee sageetisr ™eld. JApprosching the dJecelevstor, the
wisl wess ¥ "he wriviag elsetroms (s resduced to zsro
w “hw ~wtawrding +lwcrric *leid hetwessn tube ami decslerator.
"hris teceleration rrosue casess an incresse in spece-charps
wonwity st ~he ‘rowt i Che besms, a» 3 consegmence of which
“he weantial “here troes s 3 ootamtial herrier develops,
wmainst svich ~He mccesding 2iectroms run. Soth space-cherge
ieasitr m YerTier comtimmse tc jrow antil finslly a space-
‘wamgpe .imdiCed rirtoaal :aChode (s formmd . che potential of
mich ity ‘ar 'elow Uhet if che decelerstor. As Che
wtantial 'Ywrrier jeveloss, the hesm becomss decelerated, amd
‘e mmmetic ‘ield mseociaced »ith che bemm before its
iscelarstion ollopees. during its collapee, it induces an
xiai slecrric “teld. ~hst is effective ouly in the besm beyomd
“twe rirtusl csthode: 3lomg the hesm in rromt of the virtual
‘athose .C .5 >a.amcad v m Jpposite alectric field dus to the
we-aRliaorm Ipece-chmrge iiscribution caused by the rumning om

1T “he 2lectroms. "he 2lectric ‘ield beyomd the virtual cathode,



gensrated st the expenve of the emergy associsted with estire
bomn, drawe electroms from the virtmal csthode and accelerates
then throwgh the decelerstor towards the collector. Durisg
this discherge process, the virtual cathode disistegrates and
the bean disperves under the influence of the radial interelec-
tromic forces. The besam them re-forms, and the whole process
is repeated at a frequemcy which depends on the operating
conditions.

The apparatus msy be considered to be the electromic
analogue to the hydraulic ram. 1t is, therefore, in the
following frequently referred to as the "electronic ram";
and the acceleration effect produced with this apparatus as the

"ram effect”.



‘a)

(b)

-7

A8 4" g . O]

Vies demsicy of focmsing magmsric ¢ield

The sogaetic finm doaxity of the lemg fecwsimy
solearid wos smesvred witk s calibrstenl pessunetar .

as dependert en the eamrygirximgy cscrzest. The
‘ollewing empirical relstismsidy betsaes {lax
demsity at its centyre ani caxrvent [ in aaperes was
f oumd -

B =431 gzauss
4 ploc of the axial segmeric field withiz the coil
vs. distamce from the cemtye is showm im Fig. & for
2 comstamt currest of 3.7 asperes. This was the
curresnt ssed for most expexriments. The vositios of
the filanest of the cathode, amd the positiom of che
decelerator are aleso fimdicated on the gsTraph.

Electrom cuxrest cousideratioms

Umder operatimg comditioms the space cxxrrest drasxc
from the cathode was, as a rule, temperarwre limited:
heace depemient on the filmmemt curremt ocmly. For
example, at an acceleratismg voltage of 300 volts, the
space current vas > ma vhen the filamemt cuxrrest wes
3.8 amps, and 10 ma, vhen the filament curreat was

4.2 amps. To increase the outpst to 20 ma, however,



Magnetic Fieid of Focusing Solemnoid




the accelersting voltage had to be raised to

40C volts, and the filament curreat to 4.6 amps.

To messure the current distribution to the various
electroder in the dischsrge device, the beam
detecting equipment was joined to flanmge X (Fig. 1).
The focusing magnetic field was adjusted to 260 gauss,
the space current to 10 ma at an accelerating voltage
of 300 volts. The collector, auxiliary electrode and
decelerator were grounded via ammeters. Under these
conditions, the current to the collector was found

te be 7.5 ma, and that to the auxiliary electrode

0.3 ma. The current laading on the decelerator

was negligibly small, being only 10 - 20 pamps.

The baffles thus intercept about 22% of the total
emission current.

(c) 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 ufd 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. 1In the photograph, the horizontal



FIG. 5

Output Pulse Without Ram Effect

OQutput across 10 megolm, decelerator om ground, cathode
intermittently on -300 v, beam curremat I.b = 10 ma, focuo:l.ng;
field B = 260 gauss, time scale 0.5 msec/cam, sensitivity

2 v/cma, single sweep, time increases to right.






(d)

scale is 0.5 -1111.econdolc-, the vertical scale
2 volts/c-. Time increases to the right.

The total capacitance of the collector system,
including the input capacitance of the oscillos-
cope 18 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 1is due
to the tail 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 im
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



FIG. 6 (a)

Output Pulses With Ram Effect

i

Output across 10 megohm, decelerator on -600 v, cathode inter- !

mittently on -300 v, Ib = 10 ma, B = 260 gauss, time sgah 0:‘,5 +.c/c-,

!

sensitivity 0.5 v/cm, single sweep.






FIG. 6 (b)

Output Pulses With Ram Effect

Same conditions as 6 (a), except time scale is 0.05 msec/cm.
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mg 6 (C)

Output Pulses With Ram Effect

Output across 1 Kohm, decelerator on -600 v, cathode cont:l.m?ulr

on =300 v, I‘b = 3 ma, B = 260 gauss, time scale 0.5 msec/cm,;
}
sensitivity 0.05 v/cm, single sweep. !

i
)

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 1KQ 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 '"matural frequency"

of the occurrence of the ram effect.



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 + 3 &) is given by the familiar formula

y = UL(L + 3 2)/2vd (1)

where V denotes the accelerating voltage

U the deflecting voltage

%2 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

2 = 2.46 cm
(L+32)=12.33 cm

y = 0.37 cm



21.

Collector

I---

FIG.7
Electric Deflection of an Electron Beam
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23.

Substituting these values in (1), and solving

for V,

Va=64U (2)

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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25.

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



voltage for 900 v-electroms was foumd to be

14 v,

Table (1) gives results of deflectiom plate
measurements under various operating conditioms.
Here Ib stands for beam current, Bb for beam

accelerating voltage, B_. for focusing magnetic

£
field and Es for beam-stopping potential on

the decelerator.

Table 1
Current recorded at collector as a function of
deflecting voitage, under various operating

conditions in units of 10 12 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
920 4.4 3.5 5.5 7.2
100 4.4 3.1 4.6 6.4
110 3.0 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




(a)

(a)
10 ma
-300volts
260gauss
-900volts

(d)
10 ma
-300volts
200gauss
~900volts

(c)
5 ma
-~300volts
260gauss
-900volts

@)
10 ma
-300volts
260gauss
-450volts

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

(b) Magnetic Deflection Method

(e)
20 ma
-400volts
260gauss

-600volts

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

moving along AO meets at O the boundary of a

uniform magnetic field of flux density B and

direction perpendicular to axes X and Y,

Using mks units, the deflection y 18 given by

where

y = (e x* Bz/SmV)3

is the accelerating voltage

(3)

v
ﬁ the electronic charge to mass ratio
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
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FIG. 10

Deflection by a Magnetic Field




]

&%EE' Né_,-g- “xn N

e A

BN BIGOOUR AT, AR 85 A A ANAIREAAANI S

S 200 000 0D 68 50 %0000 Pee

5y

® 0P % 00 g9 PP 5P o 00 0t e B bE

6 00 &0 98 0000000008 s0 00O RS
¢ ¢ & g &P 94 9 % 00 e S s 0P D S O s 0N

FIG. Il

The Beta-Ray Spectrometer
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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 coils provided a reasonably
uniform axial magnetic field. The flux density
distribution is shown in Fig. 12. The Helmholtz
coils could stand, for a short time a current of
14 amps; the experimentally determined relation
between the coil current and the resulting average

magnetic field over the electron path in gauss is

B=61

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
Xx=4x102m
vy=102m

and § = 1.76 x 1011 coul/kg

in Eq. (3), and using the relation (4), the energy V

30.

(4)



1-200 gouss

Magnetic Field Distribution Over Path of Electron Beam




of elesctroms that just miss the "in-lime”

collecting cup is givem by

V = 200 12

The output current as a function of the coil
current was investigated under the same operating
conditions as the effect of the electric deflectiom.
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.

Congistent 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

(5)
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potential removed, or the filament curreamt turmed
off, the output invariably dropped to zero.

This proves that the cbserved output was entirely
due to the transamitted portion of the beam,

and by no means caused by ionization or pick-up

effects.
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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 erraticallr. 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,
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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 usec 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 10712 amps
up to 100 volts. Only when the deflecting voltage exceeds
100 volts a decreuse of output current sets in. Applying

the relation for beam energy (3)
V =640,

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,
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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. 13, 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 12

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 electroms.

The current drops sharply with increasing magnetic field, and



- 39.

is completely cut off at a coil 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

Wp = Bpa = EpLt
where Eb is the accelerating voltage, q the total beam charge
which is equal to the product of Ib’ the beam current, and t,
the transit time. The energy of the output charge Aq is

W o= 3AqV

where V is the average energy level of the output electronms.
Assuming a 100% energy transfer from the input beam to the

output beam

and

V= 2EbIbt/Aq (6)
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From the oscillograms in Fig. 6(a), the output capacitance
of 21 uuf is found to be charged up to 2 volts. This gives a
value for Aq of 4.2 x 10 !l coulombs., The beam current I,
in this case was 10 ma, the accelerating voltage 300 volts
and the transit time was 0.1 usec. 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.
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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.



VIII Reference

(1) Raudorf, W.R., Wireless Engineer, 28 (1951) 215-221.

42,



