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ABSTRACT

Observed 0perat10nal characteristics of the high~field- emission diode of the
Cornell Relatlvistic Electron Béam Accelerator are presented as functlons of
diode impedance over a range of cathode types, anode—cathode gap spacings, and
vacuum pressures. Comparisons are made with expected predictions fﬁom the 
Child-Langmuir Law. Pin—hele, ancde-plane radiographs are-disPlayed,_fer_a number =
of cathode designs, show1ng spatial current dlstributlon and angular spread of
electron trajectories, Preliminary studies qf the'tlme history of'the current
distribution in the anode-cathode gap are described.”.Resulte are presented in

photographs -obtained by fast-frame and time~integrated cameras.
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A. TIME-INTEGRATED CURRENT DISTRIBUTION STUDIES

The Cornell field-emission diode, described in detail in reference [1],
is shown in Figure 1 in schematic form. The "plasma" cathode depicted is a
solid brass disk 4.0" in effective diametgr by 5/8" thick with rounded edges.
The emitting surface contains approximately 200 conical holes (1/4" diameter) .
filled with liquid iucite which has been allowed to hardeﬁ. The surface has -
been faced off on a lathe and polished.

Diode voltage (VD) is measured by means of a low-inductance garbon
resistor voltage divider, and diode current (ID) is measured by means of a Cusok'
currenf shunf (see Figure 2). Typical VD andVID oscillograph tracés'are
shown in Figures 3A, 3B.

Diode impedgnce (ZD), measured during the flat resistive phase of the
voltage and current waveforms, is seen in Figure 4*'to be less than that expected
 from Child's Law predictions by a factor of approximately 2, over a broad range

of anode~cathode gap spacings, and for pressures from 5 x 10"2 torr to 10—5'

torr. Since the Cornell diode is normally operated ét a pressure of 3 x 10-4
torr, this additional diode current is believed to be caused by beam generated
ions e in the gap regipn. The fons partially neutralize the electronic space
charge and allow more current than the hard-vacuum Child's Law prediction.,
Since the propégation éharacteristics of the electren beam in the-drift

t@be are largely deﬁermined by the spatial current distribution and angular

spread of the electron trajectories at the anode plane, x-ray pinhole camera

plotted as Z /??-gg_sz, where Z VV = 4350 SZ/A

b D DD
with VD = Diode volts in tens of KV
ZD = Diode impedance in ohms
A = Cathode area in square centimeters’
o 8§ = Anqde~cathode gap in centimetﬁgs.
jons /cm/sec of beam travel > 3.73 x 1007 1 p where I is in amperes

v V is in volts
p is in torr.
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measurements were made of the "plasma" cathode for a variety of input voltages,
pressures and anode-cathode gaps., Most radiographs of the "plasma" cathode
show a "honeycomb'"-type emission pattern, the resolution of which indicates

reasonably laminar flow, as was predicted by J. C. Martin of AWRE, United

‘Kingdom, who originally suggested the "plasma'-cathode design. Figure 5, a

rough sketch of the electric field lines in the anode-cathode gap region, shows

E to be mainly composed of an Ez component and explains the flow laminarity.

In contrast, needle cathodes, more commonly in use as high-current field

emitters, generally have a fairly large E_ component [2], and as a result the

R
electron stream is less laminar.

To attempt a better understanding of the obsérved radiograph patterns, shots
were made on a "plasma' cathode whose conical holes were not filled with a
dielectric., No change in overall diode impedance (ZD)-was observed for this

unfilled case, but a distinetly different, iess-regular emission pattern resulted.

The contrast in the two types of emission patterns is perhaps best illustrated

by a radiograph of a cathode in which half the holes were filled with lucite and

half were left unfilled (see Figﬁre 6). The dark center section of the radié—
graph is believed to be the result of a current ﬁpinch"*'in tﬁe anode~cathode
gap. This compression occurs toward the end of the first VD’ ID pulses and

is dependent on diode current, voltage, and "aspect ratio"**. Zyys measured for
the half filled/half-unfilled case, was approx1mately the same as for the

completely filled case.

" Because ZD.remained invariant with the first three cathode designs used,

‘it was decided to use cathodes of a quite different design in an_effort'to-sort

out the importance, if any, of such parameters as hole diameter, type of fill.

material, etc. Figure 7 shows some of the designs on which shots were made and

%
"Pinch" is defined as a compression of the beam in the radial direction which
occurs when the self-generated magnetic forces of the beam exceed .the electro-
static repulsion forces.

%%

Defined as rOIS where r, = cathode radius (em), S = anode-cathode gap (cm),




"~ Table 1 orders the cathodes according to:

ZD_Oc i'; where A = total hole area
ZD « %—; where C = total hole circumference.

Difficulty in comparing data on the various cathode types was encountered
‘because the diode voltage (VD) is controlled by the breakdown voltage of the
pre-stabbed solid-dielectric blumlein switch for which the scatter was approx-
imately *6%Z. A substantial humbef of shots on each cathode design was therefore
required 'in order to allow grouping of the shots with.apprOXimateiy constantr
“input voltage.to the diode.  Table II contains early data on this ordéring

scheme with input voltage eliminated as a parameter and Z_ presented as a

b
function of cathode design only. While promising, this procedure leads to no
definite cdnclusion, since a comparison of Table II with Tahble I shows that the
diode impedance orders according to either, 1/A or 1/C for a particulaf cathéde.

A new switch fabrication techniqug has reduced the blumlein-switch scatter
to 27 and the data is more easily taken. Recent data (Table III) indicate
that the-cathgde structures wil; order according to ZD.m 1/A but additional
data are required to firmly establish this conclusion.

The radiograph of the ridge cathode indicates that most of the emission is
occuring over the lucite-filled region, thé reéult'being a "hollow" beam at the
anocde (sée Sigure 8). Calorimetry and angular divergence measurements are
planned to determine how long the bLeam remains hollow. Such a beaﬁ allows mofe
tractable mathematical analysis and presents the possibility of more efficient
coupling for.microwave diagﬁostic experiments, since a hollow beam does not-hav§ 
the disadvantage of self shielding the inner electféns from the microwave-

L]

coupling device,




B. TIME-DIFFERENTIATED CURRENT DISTRIBUTION STUDIES

Studies of the time history of the current distribution in the anode~cathode
gap by means of fast frame (5, 10, 20 unsec.) and fast-streak photography have
been initiated. |

The masking technique used to decrease the primary beam current to a level
compatibie with a fast-rising (3 nsec.) scintillator material (pilot 'B"
scihtillon) is shown in Figure 9. Electrons leaving the plasma-cathode surface
pass.through a 30% transmitting, 0;010” stainléss steel mesh anode foil., The
transmitted electrons next encounter 2 layers of 0.005"'a1uminum foil, 1 layer
of 0.010" black drawing paper (used to absorb light reflected in the back dir-
ection and prevent it from reducing the overall resolutioﬁ) and finally a
0.020" layer of scintillon. The calculated penetration depth of 300 KV electrons
is 0.012" of aluminum, while the peneﬁration depth of the x~rays produced by
both Fhe mesh and the aluminum sheets is a few centimeters. Since the elec-
trons that reach the scintillon are more effective in pfdducing optical pﬁotons
in the scintillon than the x-rays whichrreach the scintillon (by 4 factor of
at least 103), a scintillon thickneés thin enough to pass the x-rays with little
optical excitation allows one to discriminate against the x-rays, and, in effect,
optically photograph the electron spatial distribuﬁion. Figure-lo is a time-
integrated photograph made to teét.this idea. The black rectangle in the'cenfer
of the photograph shows that there is no light output from the scintillon over
a region where the_aluminum mask thiékness (0.015") exceéds the estimated
electron penetration depth (i.e. 0.012" for 300 KV electrons). Were the
scintillon being excited by x-rays from the stainless steel anode, etc. this
effect would not be noticeable-due;to the much longer x-ray range in aluminum.

The “photograph therefore gives the spatial distribution of the electrons.




Figure 11 shows a time-integrated photograph and Figure 12 displays a

5 nsec./frame photograph.of the plasma cathode for the following conditions:

VD = 360 KV
ID = 61 KA
ZD = 5.90

Figure 13 shows the time-synchronized trace of VD versus the framing camera -
marker pulses.

ﬁérk.is now underway to improve the focus of the TRV framing camera,
decrease the first frame "get away" time, and enlarge the image on the film by
means of a telephoto-lens system. (For the same image-on-film size tﬁe'
framing/streak camera can be moved away from the electro-magnetic (or R-F)
noise sources which affect the éamera focus.) Simultanéously, the increased
distance serves as an oﬁtical—delay line and effectively allows more time for

the camera shutter to open.

C. FUTURE PLANS

1. The time-égd—space—differentiated camera studies of the eleciron stream
at the anoée plane will be improved and extended to include fast-streak
photographs under the conditions for which_"pinching" in the diode occurs,

2. Measurements of the angular spread of the.electrons at the anode will
be made as a function of cathode geometry, by means of a modified

"masking” technique plus scintillon and fast cameras.
3. Absolute measure of spatial-energy distribution of electrons at the

anode will be made via distributed calorimetry.
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SOLID ALUMINUM
ANODE -5/8" THICK

LUCITE CONNECTING ROD RUBBER

WITH NYLON BOLTS | 0-RINGS
VACUUM PORT

' FOIL
R Y

%g é ’%& i ! 7 i
T Y/
LUCITE STUDS ;kASS "PLASMA" |
ALUMINUM CATHODE -4.0" DIA.
GRADING -
 RINGS | ADJUSTABLE
/ BRASS SPACERS

MOUNTING BOLT

SOLID ALUMINUM CATHODE
TERMINAL - 5/8" THICK
x 20" DIA.

Fig. 1. Sketch of diode assembly (appfoximately-l/S full size)
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.5 microseconds/div

Marx Generator Voltage - Transmission line switch fires at
sharp discontimuity.

vD
H
20 nanoseconds/div 50 nanoseconds/div
Vp = 358 KV V, = 337 kv
= 76 KA
IPeak T Ipeak = 50 KA
ZD = 4.7 ohms ZD = 6,74 omms
Shot # 5, 5/1/69 Shot # 11, 5/14/69
Figure 3 TYPICAL DIODE MONITOR WAVEFORMS
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ANODE PLANE

E FIELD

"PLASMA" CATHODE
SURFACE :

Fig. 5. Rough sketch of electric. field lines in anode-cathode gap. |



_Fig., 6. Radiograph of half/half cathode (left half filled-right
~half unfilled) Vp = 379 KV, I = 58.5 KA, Z; = 6.48 0
Shot #3, 10/30/68




Fig. 7. "Plasma” cathode (filled) . - ‘Wide ridge cathode (filled)
(After 35 shots) ~ . " . (After 10 shots)

Cross cathode | o Narrow ridge cathode (unfilled)



Fig. 8. Radiograph of ridge cathode
VD = 373 KV, ID = 47.3 KA, Z
Shot #5, 10/30/68

D

= 7,88 @
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DRAWING
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- Figure 9. Masking Technique for Time-Differentlated
Electron-Beam Studies o
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Fig. 10. Time~integrated photograph illustrating electron spatial distribution.
Polarold film - type 47, £/32 + neutral density filter (x 10)

VD = 362 KV, ID = 69.5 KA, ZD = 5.2 8@




| Fig. 11 Time-integrated
electron spatial distri-
bution [£/32 + neutral
density filter (x 10)].

Fig, 12.. Time-differentiated
electron spatial distribution
5 nsec/frame,

frame separation 50 nsec.
[£/2.0 + neutral density
filter (x 40)].

B Fig. 13 Lower trace:
| time-synchronlzed diode
voltage (VD)

Upper trace:
TRW framing camera marking
pulses (20nsec./cm) :
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