5) Electron guns and electron beams

Until the thirties of the last century, electron beams were only used in highly specialized installations
and in accelerators. At the beginning of the forties, electron beams found their application in high-
frequency technologies (Klystrons, drift tubes, tetrodes etc.). Electron beams are used in TVs, electron
microscopes, for welding- and lithographic devices.

Current: uA to kA Beam energy: 0.1 to 200 keV
The influence of space charge has the be considered at high beam currents.
Simple diode system:

Kathode Anode U A

Deformation of the equipotential < R
lines due to space charge

Space charge adjusts in that way,
that the cathode does not see

the anode voltage anymore

—> shielding

dy
dX x=0

=0

ARy

WS2015/16 5.1



oU g ] | 1

Poisson equation: OX? g V-& 50\/% JU
Ansatz: U=AXx" = U"=A. n(n —1) X"
Z
4 9 i T
_ =| — 413
> N=73 and 4 goF with boundary conditon U, =A-d
m

therewith one gets the "spase charge limited region" for the emitted current:

3/2
4 =Y
J =35 %0vn 42 > Child-Langmuir-law (5.1)
with | = J *F F = emitting area
3/2 :
|=P-U with P = Perveance (5.2)
4 - F
. Beg R —
In the case of a planar diode system 9 0V m d2 (5.3)
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The different geometries are shown below:

(a) (b} (c)

(a) Planar, (b) Cylindrical, generating a sheath-beam or (c) Spherical geometry.

In the case of a cylindrical or spherical symmetry we have the following expressions for the Poisson-
equation:
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Sphere: r? dr dr -

ldf.av)y_ p i
g, With P=V " 4r-riy (5.4)

1d dU P ) I
Cylinder: r dr dr &, with v 2xr-h-.y Where h=length of the cylinder

Solutions from Langmuir and Blodgett

,_16 2eU,"”
Eﬂ &o m o2 = spherical symmetry (5.5)

8 2 U3/2
9 ,5 r 2 cylindrical symmetry

If we put (5.5) into (5.4) we get a differential equation for .

2
6rad—a+r (daj +3r? d°a

dr dr dr? (5.6)
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r
Normalized on the cathode radius r. we get with 7 = In[—] from (5.6)

-
2 2
6rad—a+ rz(d—aj +3ria e ~1=0

dr dr dr? (5.7)

is the cathode radius and a(r) can be represented as a series expansion.

3 3 , 63 , 13311 , 2710391 , =In[r]

I

c

a=y——y +— — ¥ + — 4
77107 T a0” 44007 T 61600007 " 10472.10°7 with

The spherical geometry is shown below. The cathode radius is r¢, the anode radius is a:
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Generation of electron beams:
> thermionic emission

! 2
Richardson-Dushman relation for current density: Je=A-b-T EXP(—

4z -mek?

A
Thereby the constant A is A= T =120,4 {—sz K2 }

b =material dependent constant

¢ is the work function, KT the thermal energy of the ¢ I A
j can only be measured if T >>room temperature
Typical response curve for diode:

The domains are

a) Initial current domain

b) Space charge limited regime (Child-Langmuir)

c) Saturation and temperature limited regime a

K

512

cm?

} (5.8)

d) is the point were the curve deviates from
Child-Langmuir.
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» Field emission

E-field of the order of 10 V/cm

(eg. at cone points, needle cathodes) thereby the
potential at the surface of the solid is lowered insofar

that the electrons can tunnel.

-> Fowler-Nordheim equation:

. KU? K,¢ A
Jee = ¢ eXP| - U sz (5.9)

¢ Is the work function, U the applied voltage
and K; and K, constants

Beam formation in electron guns:
In which way can we shape an electron

beam under the influence of space charge?
At the beam boundary there is
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U=A-x"% and oy =-k,=0 (5.10)
This is a Cauchy-boundary-condition, at which the field strength is given!

oU
Ul o=, =0

y=0

In this case it holds:

The potential outside the x-axis (y # 0) is the analytical continuation of the function f(x) in the complex

plain: U (X, y) = Re(f (2)) =Re(f (x+1iy)) (5.11)
f(xriy) = £00 -4y £00+ 0 F700 4
Taylor expansion: (X+1y)=T(x)+1y (X)+ o (X)+
_ y2 " _ aU _ " .
5 U(x y)= f(X)—7f (x)+---, UX0)=1(x) , Eyzo——y-f (X)), =0
Thus, for the beam boundary it is
U(x, y)=Re(A-(x+iy)"”) = Ar"" Re(exp (3 i) (5.12)
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—=> U(X,¥)=A-r**cos(2 ) = A(x2 + yZ)Z/3 cos(g arctan(%))

4
The cathode potential U = 0 one can find with COS(§ (0): 0.

2.0
I I i
Hence, the angle is: sl
1.6 |-
3r 97 T
¢ =—,— 4 .2 -
or 8
8’ 8 : ol
w
g os |
@ =67.5° 202.5° el
: 04 — -0.050V,
2
z 0.2 -
The cathode boundary needs an angle of 67.5° 2 ol e T SRS T T
towards the cathode normal to compensate for . R S
the divergence of the space charge dominated
beam. CATHODE SURFACE~
| [ ] | R It Attt OO SRR LY e
. -08 -0.4 ¢} 0.4 0.8 1.2
= Boundary cathode with Pierce type boundary OISTANCE FROM CATHOOE (x)

Fic. 4. Plot of the equipotential lines external to a planar space-charge-limited elec-
tron beam, -as determined from Eq. (7). The heavy lines show the shape of the focus
electrode and anode electrode.
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Beam formation of a Pierce-type electron gun
calculated for an anode voltage of 1000 V.
1 mm is equal to 4 meshes!

5.66E-3 A, crossower at R= 25.0, Z=204 mesh unitsmax current density on axis=z204

FIERCE FAND
%00

PLANAR SPACE-CHARGE-LIMITED DIODE =7

.60

.20

PIERCE-TYPE PLANAR ELECTRON GUN i)

CATHODE

g0
FOCUSING ELECTRODE
REPLACES EFFECT OF 40
MISSING ELECTRONS

Perveance of such a gun: -
P=2.9v10" A/V*? | current | = 9 mA

=

40 g0 1z20 lan 200

IGUN-7.0058(C)R.Becker - RUN 05/27/07*%001, f£ile=PIERCE.EIN
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One can also form the equipotential lines with a Wehnelt cylinder.

8.92E-2 A, crossover at R= 19.6, Z=95 mesh unitsmax current density on axis=3.2

Strahlformierung mit Wehneltzylinder

o
5 35
i 585
W T=a@
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IGUN-7.008 (C)R.Begker - RUN 05/27/07+*001, f£ile=WEHNELT.EIN

Therewith the potential at the Wehnelt-electrode is adjusted in that way, that the equipotential line,
which represent the cathode potential, touches the cathode edge under the Pierce-angle. Wehnelt
cylinders are used in electron microscopes and TVs.
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Cathodes for E-Guns:

Electrons are emitted from cathodes either via thermionic emission or field emission. The maximum
emission current density of the cathode is determined by the Richardson-Dushman equation (5.8).

Some examples for cathode material are shown in the table:

Depending on the application, there are different
cathode geometries available. The simplest cathodes
are made from W- or Tl-wires and are directly heated.

Dispenser cathodes keep a thin film of the emitting
material due to supply from a reservoir in a porous
matrix usually made from tungsten for instance.

Reservoir materials are
Thorium, BaO, CaO...
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Work Function and Factor A x b for Various Materials

Material (V) AXb (A em? K?)
Molybdenum 415 55
Nickel 4.61 30
Tantalum 412 60
“Tungsten 454 60
Barium 2.11 60
Cesium 1.81 160
Iridium 5.40 170
Platinum 5.32 32
Rhenium 4.85 100
Thorium 3.38 70
Ba on W 1.56 1.5
CsonW 1.36 3.2
Thon W 2.63 3.0
Thoria 254 30
BaO + SrO 0.95 -10
Cs-oxide 0.75 ~10-
TaC 3.14 0.3
LaB, 2.70 29




Die usual cathode denominations are:

W-matrix
Coated W-matrix

B, S-type
M or CD-type

Single crystal-cathodes
LaBe, IrCe

Dispenser cathodes jmax < 10 Alcm?

Single crystal-cathode -
jmax UP to 100 A/lcm?

In front of a dispenser cathode surface a dipole
layer from ions of the dispenser material is
created, which reduces the work function.
Dispenser cathodes are often impregnated

with Osmium (M-type) or Scandium. This reduces
the work function to 1.4-1.8 eV,

@ (eV) T (J =1 Alcm?)
Oxide 15 942 K
Standard 2.1 1277 K
Os-coated 1.95 1194 K
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impregnant

Matrix : pressed W powder
20% porocity

Impregnant:
W provides the electrical conductivity.
4Ba0, Ca0, Al,O, : [411], S-type P Y

5Ba0, 3Ca0,2Al,0, : [532], B-type B3O lowers @

Saturation current vers. Temperature for var. Cathode Materials
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