1SLAC-PUB-8355LCLS-TN-00-02January 2000Generation of Low Emittance Beams Using III-V SemiconductorPhotocathodes in an RF Gun*J. E. Clendenin,� T. Kotseroglou, G. A. Mulhollan, D. T. Palmer, and J. F. SchmergeStanford Linear Accelerator Center, Menlo Park, CA 94025, USAAbstractNormalized rms emittances well below 10 m (with thermal emittance ignored) are nowpredicted for a 1-nC, 10-ps, flattop beam using an S-band rf gun. The expected thermalemittance of a Cu cathode excited at 263 nm is shown to be ~0.3 x 10 m, which isp o t e n t i a l l y a s e r i o u s l i m i t o n t h e o v e r a l l m i n i m u m e m i t t a n c e . F o r G a A s , t h e photoelectron energy parallel to the emitting surface is now known as a function of theperpendicular energy. By adjusting the vacuum level for the semiconductor, it appearsthat the thermal emittance can be reduced (compared to Cu) by a factor of 2�even moreif the cathode is cooled. The prospects for operating an rf gun with a III-V semiconductorphotocathode such as GaAs are summarized.2nd ICFA Advanced Accelerator Workshop onThe Physics of High Brightness BeamsUCLA Faculty Center, Los Angeles, CANovember 9-12, 1999 * Work supported by Department of Energy contract DE-AC03-76SF00515.� Corresponding author email: clen@slac.stanford.edu.

2GENERATION OF LOW EMITTANCE BEAMS USING III-V SEMICONDUCTORPHOTOCATHODES IN AN RF GUN*J. E. CLENDENIN,� T. KOTSEROGLOU, G. A. MULHOLLAN, D. T. PALMER, AND J. F. SCHMERGEStanford Linear Accelerator Center, Stanford, CA 94309, USANormalized rms emittances well below 10 m (with thermal emittance ignored) are now predicted for a 1-nC, 10-ps,flattop beam using an S-band rf gun. The expected thermal emittance of a Cu cathode excited at 263 nm is shown to be~0.3 x 10 m, which is potentially a serious limit on the overall minimum emittance. For GaAs, the photoelectron energyparallel to the emitting surface is now known as a function of the perpendicular energy. By adjusting the vacuum level forthe semiconductor, it appears that the thermal emittance can be reduced (compared to Cu) by a factor of 2�even more ifthe cathode is cooled. The prospects for operating an rf gun with a III-V semiconductor photocathode such as GaAs aresummarized.1 IntroductionSince rf guns operate with much higher extraction fields than traditional dc-biased guns, the space-chargeforces near the cathode are dramatically reduced, making it possible to extract and accelerate very high-current low-emittance beams directly from the cathode. In addition, since the emittance from an rf gun islargely correlated, its growth can to a large extent be reversed by the application of a longitudinal magneticfield immediately following the cathode.The operation of rf guns has received extensive theoretical treatment, and several simulation codes thattake into account space charge have proven extremely useful for optimizing emittance-compensatingdesigns. A design that has been optimized can be scaled to any desired operating frequency. For S-band,the parameters associated with this optimum design are 1 nC of charge in a cylindrically uniform chargedistribution of length 10 ps by radius 1 mm. Simulations indicate that using an appropriate rf designcoupled with an emittance compensating solenoid, a normalized rms emittance of 10 m should beachievable simultaneously in all three planes at high energy (>100 MeV). Experimental confirmation ofthis conclusion is presently only approximate.The results above have been obtained ignoring thermal emittance. Below, thermal emittance is defined asapplied to metal and semiconductor photocathodes as well as thermionic cathodes.2 Thermal emittanceThe normalized rms transverse emittance, en,rms, from a uniformly emitting thermionic cathode of radius rcand operating temperature T is given [1] by

e b g

g n rms c o x x r kT m c ,_{= ¢} ( ) = 2 2 1 2

2 2

.(1)Thus the initial thermal emittance of a beam generated by a thermionic cathode can be determined bymeasuring the cathode temperature using a pyrometer.The thermal emittance for beams extracted from photocathodes is generally taken to be the uncorrelatedcomponent of the beam emittance.3 Photoemission from metalsSince ~ 0 . 0 2 5 e V a t r o o m t e m p e r a t u r e , a c o l d e m i t t e r m u s t h a v e a l o w w o r k f u n c t i o n , . T h e p r e s e n c e a t t h e c a t h o d e o f a s t r o n g e l e c t r i c f i e l d , c, will significantly lower the work function of photoemissivematerials. Field emitters depend primarily on this factor. Photoemitters for practical electron beam sourcesare affected by three factors: F, T, and Ec, although use of elevated temperatures is rare. * Work supported by Department of Energy contract DE-AC03-76SF00515.� Corresponding author email: clen@slac.stanford.edu.

3Photoemission from a metal involves first the absorption of a photon with

hw >Fe

, where

F F D

e =-

.Here i s t h e l o w e r i n g o f t h e w o r k f u n c t i o n b y Ec and is given [2] by

D = e eE c o4 pe

. With normal-incidence illumination by a cylindrical laser pulse of radius rc with uniform transverse and temporaldistributions, the upper limit for the thermal emittance of the extracted electron bunch is given [3] by

e j j j n rms

therm c kin o r Em c , max max max cos cos cos = + - - ( ) 2 2 13 2 3 21 2 3

,(2)where

Ekin F= +e wh

and eF is the Fermi energy. The maximum emission angle, fmax, is given by

j e w max arccos=+�Ł�ł�

FeFFh 1 2

.(3)Using 4.6 and 7.0 eV for a n d e r e s p e c t i v e l y f o r t h e c a s e o f a C u c a t h o d e , a n d l e t t i n g

hw=4 6.

eV(corresponding to l=263 nm) and Ec=84 MV/m, we find

j max

~10¡. For a cathode of 1-mm radius,

e nrmstherm ,

is thus ~0.3· m . T h e t h e r m a l e m i t t a n c e a d d s q u a d r a t i c a l l y t o t h e r e s i d u a l c o r r e l a t e d e m i t t a n c e a t h i g h e n e r g i e s , t h u s t h e t o t a l e m i t t a n c e p r e d i c t e d f o r a n o p t i m i z e d S - b a n d s y s t e m u s i n g a m e t a l c a t h o d e a p p e a r s to be seriously limited by the thermal emittance.S u r f a c e r o u g h n e s s w i l l i n c r e a s e t h e l o c a l v a l u e o f

j max

relative to the normal to the macrosurface. Onthe other hand, the effects of electron-electron scattering in the bulk as well as promotion from below theFermi level, both of which would lower the thermal emittance, have been ignored. Any field enhancementdue to the presence of surface contaminants or other factors has also been neglected. Such fieldenhancements for poorly prepared surfaces can be quite large, but it is noted that the field emission fromwhich these enhancements are calculated (using a Fowler-Nordheim analysis) includes the gross area of thewhole vacuum system subject to the high electric fields (the gun rf cavities in the case of an rf photoinjectorsystem), while the electron beam is extracted from a much smaller area on the order of 1-mm radius for anS-band gun. In addition, field emission from Cu rf cavities can be greatly reduced by using specialmanufacturing techniques [4, 5].Direct measurements of the thermal emittance of metals have not been made. However, since thequantum efficiency (QE) is proportional to

e e ekT -

, where Te is the effective temperature of the excitedelectrons at emission, the change in the QE observed for a small change in Fe can be used to derive anexperimental value of Te [3]. In this manner a value of Te=0.14 eV for a Cu cathode excited at 263 nm hasbeen determined by changing the extraction phase to vary the Schottky effect [6]. From Eq. (1), acorresponding thermal emittance of 0.26· m p e r m m - r a d i u s i s p r e d i c t e d f o r a t r a n s v e r s e u n i f o r m p u l s e , which is consistent with the value derived earlier.4 Photoemission from semiconductorsThe principal energy-loss mechanism for electrons in a metal is electron-electron scattering. Nearthreshold, the primary electron can lose a significant fraction of its energy in a single scattering event,while the secondary electron may not gain enough energy to allow it to escape to vacuum. Thus the escapedepth for metals is very short. By contrast, semiconductors lose energy primarily by electron-phononscattering since electron-electron scattering is forbidden for excitation energies less than twice the bandgap, EBG. The photoemission process for negative electron affinity (NEA) semiconductors is illustrated inFig. 1. First a photon with

w>EBG

is absorbed, promoting an electron from near the top of the valenceband into the bottom of the conduction band. Second the excited electron loses energy by electron-phononscattering as it diffuses to the surface. Since both the photon absorption length near threshold and thediffusion length for conduction band electrons are on the order of 1 mm while the thermalization length is~10 nm, most of the conduction band electrons arriving at the surface have been thermalized. The third andfinal stage is discussed next.

4

e //

* = hk m_e^2 2e_{^ 3}

e //e ^ e

e bg e

n rms, = 4 m e *_{m e}