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The injector configuration depends upon the cathode field and gun voltage 

5/ ƻǊ ƭƻǿ ŦǊŜǉǳŜƴŎȅ όмллΩǎ aIȊύ wC Ǝǳƴ ǊŜǉǳƛǊŜǎ ŎƻƳǇǊŜǎǎƛƴƎ ǘƘŜ ōǳƴŎƘ ōŜŦƻǊŜ ŀŎŎŜƭŜǊŀǘƛƴƎ ǘƻ ƘƛƎƘ 
energy.  Therefore the DC photoinjector includes a RF buncher with two matching solenoids: 

The high field (GHz to THz?) RF gun begins with a short bunch and rapidly accelerates it to relativistic 
energy and needs only one matching solenoid: 

Analysis described here can be applied to 
either configuration.  However this talk will 
mostly discuss the RF photoinjector.  

5/ ǘƻ мллΩǎ aIȊ 
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Emittance generating processes vs. distance from the cathode surface. 



D. H. Dowell -- Jefferson Lab Seminar 4 See D. H. Dowell, 2012 P3 Workshop 

Comparison of  the three surface emittances Intrinsic 
Emittance 

Rough Surface 
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Applied Field 
Emittance 
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Transverse momentum is continuous 
across the cathode/vacuum boundary 
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the escape cone angle is larger for 
m* > m, this increases QE, but also 
increases emittance 

Effective mass determines the 

Intrinsic emittance and QE  
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Because the effective mass is a tensor it can be described in terms of its longitudinal and transverse components, 

άᶻ    ÁÎÄ   άᶻ 

If an anisotropic crystal having a large άᶻ and a very small άᶻ is oriented with its longitudinal axis normal to 
the surface then the large άᶻ would increase the QE and the small άᶻ would reduce the emittance.  The QE 
and emittance written with the asymmetric effective masses are 
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As an example: for silicon άᶻ πȢως ά and άᶻ πȢρω ά;  Thus, for a properly oriented crystal, the intrinsic 
emittance is reduced a factor of 2!  However, the QE changes very little and some other means is needed to 
increase it which is independent of the effective mass.  /Φ YƛǘǘŜƭΣ ΨLƴǘǊƻŘǳŎǘƛƻƴ ǘƻ {ƻƭƛŘ {ǘŀǘŜ tƘȅǎƛŎǎΩΣ ǇŀƎŜ нлрΣ уth edition. 

Work on semimetals possessing things called Dirac points and cones illustrates how the effective mass can become zero 
near the bottom of a band and how massless electrons can be produced in a material.  See for example, Akrap et al., 
άaŀƎƴŜǘƻ-Optical Signature of Massless Kane Electrons in Cd3 As2, PRL 117, 136401 (2016).  LǘΩǎ important to study 
photoemission from these states as they could lead to ultra-small intrinsic emittance. 

Studies of the Effective Mass could lead to Ultra-Small Intrinsic Emittance 
Intrinsic 

Emittance 



Electrons are focused and go through a 
crossover a few mm from the cathode . 

QE Uniformity 

The space charge emittance near the cathode is driven by: 
-Roughness focusing the beam to  produce density modulations near the 
cathode. 
-Non-uniform emission due to patchwork of QE variations from different 
work functions of grain and crystalline orientations as well as due to local 
contamination. 
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transverse position (microns) 

Space-Charge Emittance due to 
Non-uniform Emission & Clustering Charge Density Modulations of Surface Roughness and QE Non-Uniformity 

Surface Roughness 

Non-Uniform 
Emission 

For both sources of non-uniformity, there needs to be a model for 
the space charge effects.  This s-c model can be common to both. 
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The beamlet space charge model assumes a beam 

transverse distribution with overall radius R and full 

length lb composed of a large number of beamlets in a 

rectangular pattern as shown. The transverse space-

charge force causes each beamlet to expand and merge 

with its neighboring beamlets.  This radial acceleration 

gives the beamlets additional transverse momentum 

leading to larger emittance for the total beam.  A basic 

assumption of the model is that the transverse space 

charge force goes to zero once the beamlets merge and 

form an approximately uniform distribution.  Thus after 

merging the non-uniformity becomes washed out and 

the space charge emittance becomes constant.   

rm 

Beamlet Model for Space-Charge Emittance of a Transverse Modulation of Charge Density 

Space-Charge Emittance due to 
Non-uniform Emission & Clustering 
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Solution of relativistic radial eqn. of motion with s-c for constant acceleration from rest 
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 Ὅ is the peak current of the beam out to the envelope radius, ὶ, 
and Ὅ is the characteristic current. 

The beam is assumed to initially have zero energy spread and position-dependent velocity ‍ᾀ and energy ‎ᾀ ρ

‎ᴂᾀ.  The model assumes the electrons begin at rest at the cathode (‎ ρȟᾀ π) and experience constant acceleration 

thereafter due to the applied electric field ὉΦ  ¢ƘŜ ŜƭŜŎǘǊƻƴΩǎ ƴƻǊƳŀƭƛȊŜŘ ǊŀǘŜ ƻŦ ŜƴŜǊƎȅ ŎƘŀƴƎŜ ŀƭƻƴƎ ǘƘŜ ƭƻƴƎƛǘǳŘƛƴŀƭ 

axis is defined as ‎ḳ   
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Radial envelope eqn. of motion 

GPT simulation 

Space-Charge Emittance due to 
Non-uniform Emission & Clustering 

5ƻŜǎƴΩǘ ƛƴŎƭǳŘŜ wC ŦƻŎǳǎƛƴƎ ŜŦŦŜŎǘǎ 
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and assume the distributions in both ὶ and ὴ are uniform, then the rms-values of their x and px distributions are 

The radial momentum ὴ ‍‎άὧ ὶᴂ of an electron at the beamlet envelope is easily written since 
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The normalized emittance for an uncorrelated distribution in ȄȄΩ phase space is 

  

Space-Charge Emittance due to 
Non-uniform Emission & Clustering Space-charge emittance of a uniform mesh of beamlets 

 ‭ „  

assume the electrons diverge radially from the center of each beamlet and the emission from the finely distributed 
beamlets is all the same.  Thus, the emittance is due to the beamlet divergence uniformly distributed across the full 
beam area and is then the beamlet divergence times the full beam size.  This same approach is used to compute the 
intrinsic emittance.  
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Space-Charge Emittance due to 
Non-uniform Emission & Clustering 
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The mesh pattern has ὲ beamlets or current modulations across the beam 

diameter. The beamlet center-to-center spacing is 4-times the beamlet radius.  Relating 

this beamlet spacing with that of the modulation period gives the initial beamlet radius in 

terms of the full beam envelope radius, 

ὔ
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τ
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Since the full beam current of all the beamlets is I, the current of a single beamlet 

would be I divided by the number of beamlets.  The number of beamlets is the full beam 

area in units of ns or 

Ὅ Ὅ  

The beamlet current is the total current divided by the number of beamlets, 

The emittance is: 

 
 

Figure 8(color): The regular mesh pattern used to compute the emittance consists of rectangular array of equally 

spaced beamlets within the full beam diameter of 2ὶά,0.  The array spatial frequency is ns beamlets per full beam 

diameter and the beamlet centers are separated by 4-times the beamlet radius. 
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Figure 10 (color): The experimental points are from Ref. [9] and are the measured values of the emittance with the 

emittance due to a uniform laser beam profile subtracted off in quadrature.  The nominal emittance for a uniform beam 

is measured to be 0.45 microns. 
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Close to the cathode: 

ns is the number of modulations or cycles across the diameter 

‎ is the cathode field normalized to the electron mass, ‎  

I  is the total beam peak current 
ze is the length of the cathode field 

Space-charge emittance for a uniform mesh of beamlets 


