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All polarized electron sources in use on accelerators today are based on photoemission from GaAs and related semiconductors.  This is the only polarized source I will discuss for the present application.  To have a concrete basis for comparison, I have selected the required polarized source parameters for the linac-ring collider scheme for e-RHIC, as given in  Ben-Zvi et al. – “Accelerator Physics Issues in eRHIC”.  These are:

· 135 mA average current in a 28 MHz bunch train, corresponding to individual bunches of 3 x 1010 electrons, or 4.8 nC

· Normalized electron beam emittance of < 60 mm-mrad




HOW DOES THE GaAs SOURCE WORK?


Two basic principles:

· Angular momentum conservation in exciting a valence band electron to the conduction band with circularly polarized light

· Lowering the work function (by building a surface dipole moment with cesium and an oxidant) to the point where conduction band electrons can escape




A RUDIMENTARY POLARIZED ELECTRON SOURCE

· A conventional electron gun structure, with a GaAs wafer in the cathode location

· Suitable means to lower the work function of the GaAs surface, so that conduction band electrons may be emitted

· A laser to illuminate the GaAs cathode with circularly polarized light of the appropriate near-bandgap wavelength




LOWERING THE WORK FUNCTION

This process is actually fairly demanding, and must be done very carefully to achieve decent results.  It requires:

· an atomically clean semiconductor surface

· in situ heat cleaning to ~ 600 C

· high quality sources of monolayer quantities of cesium and an oxidant (O2, NF3, N2O, …. )

In addition, the prepared cathode surface is chemically very active, and is easily poisoned in less than ideal vacuum conditions.


SUCH A POLARIZED SOURCE PROVIDES:

· A beam with about 40% longitudinal polarization

· A cathode quantum efficiency of a few percent

· A cathode lifetime of tens to perhaps a few hundred hours – without beam




Note:  IBEAM = PLASER(W) x Q.E.(%) x (nm)/124



IMPROVING THE POLARIZATION

It is necessary to break the four-fold degeneracy of the valence band to improve the polarization, allowing the selective excitation of a single transition to the conduction band.  To break this degeneracy, one needs to add a uniaxial term to the system Hamiltonian.  This can be done by:

· adding a uniaxial (compressive) strain perpendicular to the GaAs surface

· establishing a periodic variation in the bandgap along the direction perpendicular to the surface, by stacking (thin) layers of different bandgap, GaAs-like materials

· finding a GaAs-like material which lacks the offending degeneracy




IT WORKS!

A number of variations of the first two schemes above have been demonstrated, and the best of these have yielded ~ 90% polarization.   In practice, the highest polarization delivered with reasonable average current is about 80%.

The penalty is a severe loss of quantum efficiency.  The best values reported have approached 1%, but the best achieved in practice with reasonable average current is between 0.1% and 0.2%.  The lasers for

~ 100 mA current are thus presently out of reach.


ISSUES FOR A ELECTRON-ION COLLIDER SOURCE

· Average Current

· Charge Limit

· Laser




AVERAGE CURRENT – PRESENT BEST VALUES

· The JLab nuclear physics injector has operated at ~ 270 A average for extended periods, limited by the capability of the accelerator and the experimental targets – not the source.

· The JLab FEL (unpolarized) has operated at 5 mA average.  The FEL upgrade is planned to operate at 10 mA average.

At JLab, the cathode lifetime is limited only by ion back bombardment.  The best Q.E. 1/e lifetimes are ~ 2 x 105 Coulombs/cm2.

The 135 mA average current requirement for an electron-ion collider is about 500 C/hour – 12000 C/day – 82000 C/week.

By contrast, the JLab nuclear physics source delivers typically about 2000 C/operating year, and the FEL has delivered several thousand coulombs in the past couple years.

A source with a cathode area of 3 cm2 could in principle deliver 7 weeks of continuous 135 mA beam within the JLab measured 1/e lifetime.




This is a very considerable extrapolation,




and must be demonstrated to be believed

VACUUM

To the extent that ion back bombardment is the primary issue for the cathode operational life, lowering the residual gas pressure is the solution.  In the JLab guns, this pressure is already quite good – approaching the so-called Extreme High Vacuum (XHV) realm.

Additional improvements in the gun vacuum can be expected to directly yield benefits in polarized photocathode operational lifetimes, and can almost certainly be made. 



 This is work worth doing
LASER ISSUES

For a linear photoemitter, it is true that:

I(mA) = (nm)/124 x PLASER(W) x Q.E.(%)

So, for a high polarization cathode operating at ~ 850 nm and with a Q.E. of 0.1%, 135 mA requires a MINIMUM of 197 W of laser power.

This assumes that every laser photon and every photoemitted electron are useful.  If not, more laser power is required.



THIS LASER DOES NOT PRESENTLY EXIST
For a “low” polarization source, where the initial Q.E. might reasonably be 8 to 12% at 780 nm, a laser power of ~ 6 W would support operation down to ~ 1/e of the initial Q.E.

Such a laser, while not presently commercially available, seems within reasonable reach of a moderate development effort.  Ti:sapphire is the natural choice for such a laser.  Making the 28 MHz time structure may be somewhat problematic.

There will always be losses in polarizing components, optical transmission, etc. – so the 6 W figure is a lower limit.



THE CHARGE LIMIT PHENOMENON

About 30% of the light incident normally on GaAs is reflected.  The 70% of the light which is absorbed excites electrons from the valence band to the conduction band.  Only a fraction of the conduction band electrons escape.  The remainder recombine with valence band holes.  Before this recombination is complete, many of the electrons are “trapped” at the surface in the band-bending region.  These trapped electrons alter the potential at the surface and inhibit photoemission.  The effects can be dramatic – such as an increased optical pulse intensity resulting in a reduced charge emitted.

Models of the charge limit effect, and measurements on real cathodes indicate that the effect is reduced by:

· higher quantum efficiency

· high dopant density at the surface

Thus, the effect is worse in high polarization cathodes, which have low quantum efficiency.  Measurements at Nagoya indicate that the effect may be mitigated by preparing a very high dopant density at the surface.  Fitting measured results to present models of the effect indicate that a time scale of ~ 100 nsec between pulses is sufficient for the cathode to fully restore to its initial state, indicating that operation at 28 MHz (~ 35 nsec spacing) will require demonstration.



CHARGE LIMIT SUMMARY




4.8 nC pulses are large enough for the charge limit effect




to be observed




No one has ever looked for charge limit effects with a high bunch



charge, high frequency CW pulse train




While the charge limit may not a problem, based on the




 present understanding of the effect, this must be verified




in an actual beam test

A POSSIBLE ALTERNATIVE – CHALCOPYRITES

· Some of these materials theoretically have a band structure which should give very high (~ 100%) polarization

· The availability of suitable candidate crystals is very poor

· To date, it has proven difficult to make good quality cathodes on these materials (though the JLab atomic hydrogen cleaning process may change this completely)

· Measurements from ETH indicate that the fundamental band structure of at least one material is as anticipated

· In principle, these materials should give high Q.E.




A SERIOUS TEST OF POLARIZATION FROM THESE




 MATERIALS IS WORTHY OF PURSUIT




CONCLUSIONS

· A polarized source meeting the requirements for a linac-ring collider is VERY demanding.  The average current is almost three orders of magnitude above the highest average current, high polarization beam yet demonstrated, and even a factor of 30 above the highest average current yet used from a bulk GaAs cathode.

· The high average current capability is yet to be demonstrated (this demonstration may come first from ERL projects)

· Vacuum near the cathode matters greatly.  The present JLab cathode lifetimes are probably OK, but better vacuum would help.

· A laser supporting a high average current, high polarization beam is exceptionally challenging, given the present cathode Q.E.  Even a laser providing this current from a low polarization cathode, though likely doable, requires some serious development.

· The charge limit phenomenon may not be a problem, but this must be demonstrated with a real beam test

· Chalcopyrite cathodes should be investigated as an alternative to GaAs, to possibly provide both high polarization and high quantum efficiency

· A careful integration of the polarized source with the remainder of the injector must be done to assure vacuum quality and optimal use of the precious electrons

