Lecture 3
Space charge limited emission in photocathode guns
1. General features of space charge dominated beams
Once free of the cathode, the electrons experience both external and internal mutual
forces. The external forces are those imposed by RF, magnetic and electric fields. These are
forces which the designer of the injectors can use to create and control the beam. The internal
forces results from the mutual interactions between the electrons, which can be classified into
collisions and smoothly varying forces. The collisional forces occur between nearest neighbors
and are random, statistical fluctuations related to the beam temperature. On a larger scale
lengths the electrons will collectively move to screen any non-uniform of the electron
distribution, resulting in a slowly, varying spatial field. This screening of the single-particle
forces is called Debye shielding [Reiser, p 184] and is effective for distances greater than the
Debye length,  D , which is defined as the ratio of the beam’s random, thermal velocity to the
plasma frequency,  p  e 2 n /  0 m , where n is the electron density and m is the electron mass,
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Assuming M-B statistics, the Debye length in the beam rest frame is
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The relativistic transformation of this relation to the lab frame is complicated by the lab
definition of the beam temperature. This issue is discussed by Reiser who simply uses T  Tb / 
to obtain the laboratory frame Debye length in terms of laboratory quantities, n and  and the
beam rest frame temperature, Tb,
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In general, and especially when the electrons have just escaped from the cathode, the
electron statistics are not necessarily given by the M-B thermal distribution.

When the Debye length is large compared to the distance between the electrons, the
collective interactions are smooth and the space charge forces dominate. As an example
consider a typical relativistic beam in the LCLS injector with a radius of 100 microns and a
bunch length of 6 ps and a thermal temperature kbTb of 0.2 eV, for which D is 5.1 microns. The
inter-particle distance is 0.2 microns.
2. Space charge limited emission for short bunches in an RF gun
Electron emission is strongly affected by self-fields produced by the electron bunch itself.
Immediately at the cathode surface, the electrons experience their own image charge which for
metal cathodes produces a field which opposes the applied electric field. The magnitude of this
field is easily estimated by considering the electron bunch as a very thin charge sheet very close
to the cathode surface. Then the space charge field is similar to that between the plates of a
capacitor as shown in Figure 1,

q


Eqn. 1
A 0  0
Electron emission saturates when Esc=Eapplied, whether Eapplied is an RF or DC electric field,
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Thus the beam’s surface charge density is limited when  sclim it   0 E applied . At the space charge
limit (SCL) the emitted charge saturates and the emission becomes constant. If the transverse
distribution is non-uniform and the cathode is driven to the SCL then different locations will
saturate and other areas will not. In the RF gun the signature observation of the SCL is the nonlinear dependence of the charge on the laser energy.
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Figure 1
We derive the charge as a function of the laser energy assuming a Gaussian transverse
distribution [JR ref],
….derive the scl
… then compare with experiment like LCLS.
Experimentally the space charge occurs subtly as the truncation of the Gaussian bunch
spacei. The onset of the space charge limit is seen in Error! Reference source not found. for
two transverse Gaussian beam sizes or charge densities on the cathode where the accelerated (or
extracted) charge is plotted as a function of the expected charge (the QE times the laser energy).

There is a distinct difference between the space charge limit for a photocathode gun and a
diode. In a photocathode gun, the electrons are all concentrated in a short bunch where the
above capacitor-like description is valid. However in the classical DC diode, electrons full the
entire gap region between the cathode and anode, in which case, the well-known V3/2 Child’s law
appliesii. The relation between the short pulse and long pulse regimes is derived below.
3. A planar diode model of the space charge limit

Assume a short bunch of electrons of length  is a distance d from the surface of the
cathode. The electric potential is related to the electric field by,
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Or since the field is only along the z-direction,
d

 Ez 
dz
0
Integration gives the electrical potential due to space charge,
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At the space charge limit (SCL), the space charge potential,
and the applied electric field, Eb
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, equals the applied potential, b,
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This is the SCL for a short pulse gun. Next consider the case of a long electron bunch which fills
the region between the cathode and the head of the bunch.
The beam current, J, is
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For electrons accelerated from rest at the cathode surface, their kinetic energy equals the
2eb
potential energy and c 
, giving the beam current SCL as
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When  = d, electrons fill the region between the cathode and the bunch head and the
Languimire-Childs Law is obtained,
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4. Comparison of the space charge limit (SCL) theory and experiment
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Figure 2
The accelerated or emitted charge plotted vs. the expected charge for a photocathode RF gun.
The data corresponds to two asymmetric Gaussian beam sizes showing the onset of the space
charge limit at 25 MV/miii.

Figure 21:
The measured bunch charge vs. laser energy
fit with an analysis for the QE and the space charge
limit. The QE in this case was 3.7×105 and the effective transverse radius is 0.34 mm rms.
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