May, 1997Polarized Electron Sourcesfor Future e+/e— Linear Colliders*H. Tang, R.K. Alley, J.E. Clendenin, A.S. Fisher, T. Kotseroglou,R.H. Miller, G.A. Mulhollan, D.T. Palmer and A.D. YeremianStanford Linear Accelerator Center, Stanford University, Stanford, CA 94309AbstractPolarized electron beams will play a crucial role in maximizing the physics potentialfor future e+/e— linear colliders. We will review the SLC polarized electron source (PES),present a design for a conventional PES for the Next Linear Collider (NLC), and discuss thephysics issues of a polarized RF gun. Contributed to the 17th IEEE Particle Accelerator Conference (PAC 97)Vancouver, British Columbia, Canada, May 12-16, 1997 * Work supported by the U.S. Department of Energy under contract DE-AC03-76SF00515.

1 INTRODUCTIONSince 1992 the SLC has been operated exclusively with apolarized electron beam. Despite that the Z0 bosonproduction rate at SLC is nearly two orders of magnitudelower than at LEP, the use of a highly polarized electronbeam with a beam polarization approaching 80% hasvastly improved the physics luminosity of SLC andrendered it very competitive against LEP in themeasurements of important Standard Model parameterssuch as the weak mixing angle qW [1]. For a future e+/e—linear collider such as NLC, polarized electron beamswill again play a powerful role in its physics programs.The benefits of using a highly polarized electron beamrange from simply enhancing the luminosity to effectivelyextending its physics reach by suppressing backgroundsthat would otherwise completely overwhelm the signalthat one wishes to measure. Therefore, the developmentof a high performance PES is of crucial importance tofuture e+/e— linear collider projects.The successful operation of the SLC PES [2] hasestablished the basic principles for the design,construction, and operation of accelerator-use polarizedelectron sources. In this paper, we will briefly describethe SLC PES, review its performance parameters andsome of the fundamental properties of polarized electronphotocathodes. We will then describe a conventionalNLC PES design that is based on a DC high voltagephotocathode gun similar to the one used in the SLC PES.In particular, we will discuss the necessary improvementsin the photocathode design for the realization of an NLCPES. Finally, we will evaluate the feasibility of apolarized electron RF gun for the NLC from thestandpoint of photocathode physics considerations.2 THE SLC PESAt the heart of the SLC PES is a DC high voltage gun thatutilizes a thin, p -type doped, strained GaAssemiconductor photocathode. The lattice distortion in thecathode induced by the strain removes a degeneracybetween the heavy-hole and light-hole valence bands,making it possible for the generation of >50% polarizedelectrons from GaAs. The surface of the photocathode istreated with Cs and F to lower its workfuction to a so-called negative electron affinity (NEA) state, whichenables the cathode to attain a high quantum efficiencyand permits the use of photons with just enough energy toexcite electrons from the valence band into the conductionband for yielding the highest possible electron beampolarization. The electron gun provides an ultrahighvacuum environment suitable for prolonged operation ofan NEA cathode and a sufficiently high extraction electricfield at the cathode surface for the production of a highintensity electron beam. A Ti:sapphire laser system usingfrequency-doubled Nd:YAG for pumping generates two2-ns laser pulses which are used to produce electronpulses from the gun, one for the collision beam and theother for the positron target drive beam. A bunchingsystem consisting of two 178.5 MHz subharmonicbunchers (SHB) and one S-band buncher bunches theelectron pulses into 20ß of 2856 MHz S-band main linacRF. Table 1 lists the important operating parameters ofthe SLC PES.An important discovery made during the course ofPES R&D at SLAC was the cathode charge limit (CL)phenomenon [3,4]. In short, the CL effect states that,owing to the nature of an NEA semiconductorphotocathode, its quantum efficiency (QE) in response toa laser pulse is increasingly suppressed with increasinglaser pulse energy and the maximum integrated chargeextractable during the pulse is limited to a valuedetermined by the intrinsic properties of the cathode andthe extracting field at the surface. The mechanism thatappears responsible for the CL effect is the surfacephotovoltaic effect [5]. In the SLC PES, the maximumCL for a 2-ns pulse from an optimally prepared cathode isabout 18·1010 electrons, which is a factor of 2.6 higherthan the PES’s typical operating charge production level.Some of the fundamental characteristics of the CLeffect are summarized as follows. (i) Given an NEAphotocathode with fixed operating conditions, the CL ingeneral scales with its linear QE. (ii) The relaxation timefor an NEA photocathode to recover from its suppressedQE state caused by the illumination of an intense laserpulse critically depends on the cathode’s dopingconcentration � the relaxation time for the typical dopingconcentration of 5·1018 cm—3 used for the SLC PES is onthe order of 100 ns whereas for a 2·1019 cm—3 doping itdecreases to about 10 ns. (iii) For long pulse operations,i.e., with the pulse length longer than the cathode’srelaxation time, the CL effect manifests itself as a limit inthe maximum steady-state emission current from thecathode, and this maximum current is inverselyproportional to the CL relaxation time. It is characteristic(iii) that bears the most significant implication for thedevelopment of a PES for a future e+/e— linear collidersuch as NLC which requires a long (>100 ns) beam pulse.3 DESIGN OF THE NLC PESIn contrast to SLC which operates in a single bunchmode, the NLC is designed to collide 90 bunches ofclosely spaced e+ and e— beams per pulse [6]. While therequired single-bunch charge for the NLC is less than thatof an SLC bunch, the integrated charge per beam pulse ismore than an order of magnitude greater. Using the SLCPES as a design basis, we have completed a design of aconventional PES for the NLC [6]. The design includes aslightly modified SLC-type DC high voltage gun with athin, improved strained layer GaAs cathode, a morecomplicated Ti:sapphire laser system with an additionalstage for power amplification to produce the requiredhigh-power long pulse trains, and a subharmonicbunching system consisting of two 714 MHz SHBs andan S-band buncher. The design parameters for NLC-II,namely the 1.0 TeV center-of-mass energy machine, aresummarized in Table 1, along side those of the SLC PES.The single most challenging issue for materializingsuch a PES design lies with the photocathode technology.For this reason, we shall not concern ourselves with otherissues, such as the laser system or the bunching system, for which there are no significant technological obstaclesto overcome. The present generation of SLC strainedGaAs cathodes have a CL or QE relaxation time of on theorder 100 ns and a maximum steady-state emissioncurrent of about 0.7 A, which is only about 20% of thedesign value of the average pulse beam current for theNLC PES. To overcome this deficiency, improvedphotocathode charge performance is the key.Table 1: Operating Parameters of the SLC PESand Design Parameters of the NLC PESCathode CL studies on a variety of photocathodeshave shown that a 100 nm 2·1019 cm—3 doped strainedGaAs photocathode, which differs from a standard SLCPES photocathode only in doping concentration (i.e., fourtimes higher) appears capable of producing the requiredsteady-state emission current for the NLC PES [6,7].However, due to the increased doping density, thecathode’s polarization performance is degradedsignificantly to the 60 — 65% range. To meet both thepolarization and charge specifications of the NLC PES,the so-called graded doping scheme will be essential. Byselectively doping a thin (~10 nm) surface layer of a 100nm properly strained GaAs photocathode to a highconcentration, e.g., 2·1019 cm—3, while leaving theremainder of the cathode (~90 nm) at low doping, e.g.,1·1018 cm—3 would be a good choice, high polarizationand high charge production that meet the NLCrequirements should be simultaneously achievable.The charge performance of a GaAs photocathode maybe further improved if the atomic cleanliness of thecathode surface can be preserved prior to an NEAactivation. A thick As cap layer on the order of a fewmicrons thick grown on top of the cathode at the end ofgrowth by the manufacturer should accomplish thispurpose adequately. As a result, a two-fold increase inthe cathode’s QE should be possible following an NEAactivation, which should lead to a proportional increase inthe charge production capability for the cathode. Inaddition, future R&D efforts will likely lead to furtheradvancement in both photocathode and gun technologies.It is safe to conclude that our conventional NLC PESdesign is sound. If the bunch spacing is doubled, a majordesign change now under serious consideration, then, therequired average pulse current will be halved, renderingour design even more feasible.4 POLARIZED RF GUN CONSIDERATIONSBecause of the low beam emittance that an RF gunpromises and a simplified injector design, i.e., without theneed for a bunching system, a polarized RF gun utilizingan NEA GaAs photocathode is a very compelling idea.However, major technological breakthroughs are requiredtowards the realization of a polarized RF gun, the mostoutstanding being attaining a <10—11 Torr vacuum in anRF gun under operation so that an NEA cathode may havea reasonable lifetime. Technological difficulties aside,the physics of photoemission from NEA cathodes willplay a deciding role as to whether the idea of an S-bandpolarized electron RF gun is a viable one in the first place.In the following we will address the main physics issuesrelated to this question and show that there are noapparent fundamental problems with the RF gun idea.An S-band RF gun is required to produce a beam witha bunch length less than ~20 ps, thus placing an upperlimit on the cathode response time at about 10 ps. For anNEA photocathode, the photoemission response time isdetermined by the minority carrier (i.e., excited electron)diffusion coefficient and the thickness of the active layer,which is taken to be 100 nm as appropriate for anoptimally performing strained GaAs cathode. Assuming abulk doping density of 1·1018 cm—3 for a graded dopingGaAs cathode, the diffusion coefficient at roomtemperature is approximately 75 cm2/s [8]. Then, on theaverage it will take about 1.3 ps for an excited electron todiffuse through the 100 nm thick active layer along thenormal direction. Of course, most electrons will diffusealong off-normal directions and will take longer times toreach the surface (perhaps 2 ns on the average). Moreimportantly, once an electron reaches the cathode surfaceit has a rather small probability (as small as a few percentas one study suggested [9]) of escaping at once. It willlikely be reflected back into the cathode interior, bounceback and forth via interactions with the lattice and thebackside surface, and need multiple emission attemptsbefore finally escaping [10]. Taking all factors intoaccount, we may place an estimated upper limit of 10 pson the response time for our proposed GaAs cathode.Recent measurements by Hartmann et al. using a 150nm, 5·1018 cm—3 doping, strained GaAs0.95P0.05 cathodeyielded a response time of 10 ps [11]. We note that theQE of this cathode was about ten times below theoperating level required for NLC PES applications. Ahigher QE will lead to a slower response time. On theother hand, the thickness of the cathode we propose to useis 100 nm instead of 150 nm, and the response time scalesParametersSLCNLC-IIGun vacuum (Torr)<10—11<10—11Cathode bias (kV)—120—120Dark current (nA)<25<25Extraction field (MV/m)1.82.0Photocathode area (cm2)3.13.1Space charge limit (A)15.513No. bunches per pulse290Bunch spacing at gun (ns)621.4Bunch FWHM at gun (ns)20.7Bunch charge (1010 e—)72.8Peak current (A)5.66.4Average pulse current (A)0.43.2Beam polarization~80%~80%Laser oscillatorTi:sapphirePulse energy (mJ)10090·20Repetition rate (Hz)120120No. of SHB’s22SHB frequency (MHz)178.5714rms ge at 80 MeV (mm-mrad)~10046 quadratically with thickness. In addition, at a dopinglevel of 1·1018 cm—3 the response time should be a factorof 2 faster due to an increased diffusion coefficient. Thus,the estimated £10 ps response time for our proposedcathode seems quite reasonable.The other issue is whether an NEA cathode canproduce the required single-bunch charge in an RF gun.The bunch charge requirement at the RF gun is 2.2·1010electrons (or 3.6 nC), which is taken to be 80% of thedesign value of the proposed conventional NLC PES asallowance for beam loss in the bunching process is nolonger needed. Though this requirement is less than thatin the conventional design, the charge must be extractedfrom the cathode within a much smaller area, e.g., ~2 mm(rms) radius, in order to generate a beam with anormalized rms emittance close to the desired mm-mradlevel. This area is an order of magnitude smaller than thecorresponding value chosen for the conventional design.Thus, the CL per unit area in the RF gun needs to be anorder of magnitude higher than in an SLC-type gun.Before proceeding to address this important question,it is advatangeous to clarify a few other issues whichotherwise might complicate our discussion. (i) With anextraction electric field of >100 MV/m in an RF gun,which is nearly two orders of magnitude higher than thatin an SLC-type gun, the space charge limit should not bea problem. Indeed, experiments with an S-band RF gunhave demonstrated an order of magnitude higher chargeproduction than required for the NLC for an emission areaof 5 mm (rms) radius [12]. (ii) The CL on a much shortertime scale, i.e., 20 ps, should not be grossly different fromthe CL on a time scale of 2 ns, as in the case of SLC. Theonly reason that the CL should depend on the pulse lengthat all is because it has been defined, with a good reason,as the maximum extracted charge instead of the saturatedcharge when the laser pulse energy approaches "infinity".To first order, the saturated charge should not depend onthe pulse length and is therefore a purely intrinsicparameter of the cathode itself. The CL as defined isattained in a transient state while the cathode isundergoing through a change from the initial low-intensity linear response state to the saturated (or constantyield) state and does indeed depend on the pulse length,albeit weakly. Based on the available 2-ns CL data, agood estimate on the CL for a 20 ps pulse would be abouthalf the CL for a 2 ns pulse. (iii) Multiple bunch chargeproduction should be much less of a problem for acathode operated in an RF gun than in an SLC-type gun inthe conventional design so long as single bunch chargeproduction is adequate.With everything else kept the same, the CL has beenshown to scale almost linearly with the extraction fieldwithin a range from 0.15 to 1.8 MV/m [4]. If this scalinglaw remains valid up to the 100 MV/m field range typicalfor an S-band RF gun, then, the CL for a similar NEAcathode with a CL of 18·1010 electrons in an SLC gunwill be about 45·1010 electrons in an RF gun with a pulselength of 20 ps and an emission area of 2 mm (rms)radius. This value is more than an order of magnitudegreater than the single-bunch charge specification for theRF gun design, suggesting that the CL will not be aproblem. While this conclusion is very encouraging, thelinear scaling with extraction field is most questionable asthis behavior is not satisfactorily understood. It is quitepossible that the field dependence of the CL may deviatesignificantly from linear in an extended field range. Ifany deviation occurs, the dependence can only becomeweaker, which would make our estimate too optimistic,but unlikely off by an order of magnitue. Thus, it is fairto state that the above conclusion appears well justified.4 REFERENCES[1]See, for example, The LEP collaborations ALEPH,DELPHI, L3, OPAL; the LEP Electroweak WorkingGroup; the SLD Heavy Flavour Group; "A Combination ofPreliminary Electroweak Measurements and Constraints onthe Standard Model", CERN-PPE/96-183 (1996).[2]R. Alley, et al., Nucl. Instrum. & Meth. A365, 1, (1995).[3]M. Woods, et al., J. Appl. Phys. 73, 8531 (1993).[4]H. Tang, et al., Proc. of the Workshop on Photocathodesfor Pol. Electrn Sources for Accel., Stanford, CA, p.344.(1993); H. Tang, et al., Proc. of the 4th Europ. Part. Accel.Conf., London, England, p. 46 (1994).[5]A. Herrera-Gomez, et al., J. App. Phys. 79, 7318 (1996).[6]The NLC Design Group, Zeroth-Order Design Report forthe Next Linear Collider, Chapters 1 and 2, SLAC Report474, (1996).[7]H. Tang, et al., Proc. of the 11th Intern. Symp. on HighEnergy Spin Phys., Bloomington, IN, 641 (1995).[8]S.M. Sze, Physics of Semiconductor Devices, 2nd Edition(John Wiley & Sons, NY,1981), pp. 29-30.[9]A.S. Terekhov, private communication.[10] In fact, a significant fraction of the excited electrons willfail to escape due to limited escape probability.[11] P. Hartmann, et al., "Picosecond polarized electron bunchesfrom a strained layer GaAsP photocathode", to bepublished.[12] R. Bossart, et al., "A 3 GHz photoelectron gun for highbeam intensity", CLIC Note No. 292, 1995.