SLAC-PUB-6918June, 19951THE SLAC POLARIZED ELECTRON SOURCE*H. TANG, R. ALLEY, J. CLENDENIN, J. FRISCH,G. MULHOLLAN, P. SAEZ, D. SCHULTZ, and K. WITTEStanford Linear Accelerator Center, Stanford, CA 94309, USAAbstractThe SLAC polarized electron source employs aphotocathode DC high voltage gun with a loadlock and aYAG pumped Ti:sapphire laser system for colliding beamexperiments or a flash lamp pumped Ti:sapphire laser forfixed target experiments. It uses a thin, strained GaAs(100)photocathode, and is capable of producing a pulsed beam witha polarization of ‡80% and a peak current exceeding 10 A. Itsoperating efficiency has reached 99%. The physics andtechnology of producing high polarization electron beamsfrom a GaAs photocathode will be reviewed. The prospects ofrealizing a polarized electron source for future linear colliderswill also be discussed.Invited talk presented at the International Workshop on PolarizedBeams and Polarized Gas TargetsCologne, Germany, June 6—9, 1995

* Work supported by Departement of Energy contract DE-AC03-76SF00515.

21IntroductionPolarized electron sources based on photoemission from negative electronaffinity (NEA) GaAs-type semiconductor photocathodes have seen wide-spreadapplication in solid state physics as well as in high energy physics since its conceptwas first proposed in the 1970s [1,2]. In addition to the capability of easy and fastpolarization direction reversal without affecting other beam properties, which is soimportant for nearly all types of experiments that require polarized electron beams,NEA photocathode based polarized electron sources possess other highly desirablecharacteristics. These include high brightness, narrow energy spread of the emittedbeam, and the flexibility of modulating the beam intensity with an arbitrary timestructure by controlling the photoexcitation light. These attributes have also madethem attractive as electron sources in general that require no spin polarization.At SLAC, development of the first GaAs-based polarized electron sourcebegan in 1975 [3]. That source employed a bulk GaAs cathode housed in a diode-structure gun with an operating high voltage of 65 kV and a flashlamp pumped dyelaser tuned to a wavelength corresponding to the polarization peak of the cathode.In 1978, it was successfully operated on the linear accelerator for the landmarkparity violation experiment [4]. During the run, the source delivered a pulsedelectron beam of pulsewidth 1.5 ms with an average polarization of 37% and atypical beam current of 15 mA at the experiment at a repetition rate of 180 Hz. Theoverall operating efficiency of the source was about 75%. This successful operationdemonstrated the superior characteristics of the NEA photocathode polarizedelectron source in terms of both beam quality and operational ease and efficiencyover other existing types. Thereafter, GaAs polarized sources gained application inother high energy accelerator laboratories including Bonn, MIT/Bates, and Mainzand in solid state physics [5] as well.The development of a highly reliable and efficient polarized electron sourcefor the Stanford Linear Collider (SLC) [6] was difficult and took a long time. TheSLC was designed to collide a single bunch of 5·1010 polarized electrons at theinteraction point with an identical bunch of unpolarized positrons at a center of massenergy of about 91 GeV to produce Zß bosons. The source was required to producetwo 2-ns pulses of about 62 ns apart with an intensity of up to 1·1011 electron/pulseat a repetition rate of 120 Hz. The first pulse must be polarized, whereas the secondis used to produce positrons and thus has no polarization requirement. While therequirement on the integrated pulse intensity was not unusual as compared withthose of other experiments, the pulse beam current for the SLC is on the order ofmany amperes at the source, which is at least an order of magnitude higher than thecapability of any such sources ever constructed. Thus, the electron gun must beoperated at a high voltage of over 100 kV to push up the inherent space charge limitof the gun. The severe high voltage operating condition, however, presented ahostile environment for the operation of the highly delicate NEA photocathodes. Ittook several years of intensive research and development effort on the gun and thelaser as well before a reliable, high intensity polarized electron source was finallyrealized in 1992.

3 Since its first operation for the SLC in 1992 [7], the new polarized electronsource [8] has provided high quality electron beams to many colliding beam andfixed target physics runs for about 30 months with an overall efficiency better than95%. The peak operating current exceeded 6 A during the 1994-1995 SLC run,while the polarization averaged about 80%. The maximum beam polarizationduring a low current fixed target run reached 86%. Minimal maintenance has beenrequired for operating the source. In the next few sections, we will first review thephysics and technology of producing polarized electrons from a GaAsphotocathode. A description of the present SLAC high intensity polarized electronsource and its performance characteristics then follows. Finally, the prospects for apolarized electron source for the next generation of linear colliders will bediscussed.2 Physics and Technology of GaAs Photocathodes2.1Optical Spin OrientationGaAs is a direct gap semiconductor with a minimum separation of Egbetween its valence and conduction bands at the G point in momentum space. Fig. 1depicts the structures of the top valence bands and the bottom conduction band interms of energy versus momentum near the G point for uniaxially tensily strainedGaAs. Spin-orbit interaction splits the P1/2 band from the P3/2 band, which isnormally quadruply degenerate at the G point in strain-free GaAs. In strained GaAs,this four-fold degeneracy is partially lifted, leading to a splitting (d) between theheavy-hole (mj=–3/2) and light-hole (mj=–1/2) bands at the G point. The splitting isapproximately proportional to the lattice strain, and for uniaxial tensile strain theheavy-hole band lies on top.The band structure of GaAs allows for direct optical transition by electronsfrom the valence bands into the conduction band with photon energies close to Eg.For circularly polarized light with positive helicity, s+, the allowed transitionsbetween the three valence bands and the conduction band are shown in Fig. 1. Theirrelative transition probabilities are determined by the Clebsch-Gordon coefficientsand are also marked in the figure. If the excitation photon energy is chosen to bebetween Eg and Eg+d, only those electrons in the heavy-hole band may be promotedinto the conduction band. In this case, the excited electrons should all be polarizedin the same direction, i.e., their polarization should be 100%. It is easy to see thatthe theoretical limit on the electron polarization in strain-free GaAs is 50%. Thestrain induced splitting between the heavy-hole and light-hole bands permitsselective excitation from the heavy-hole band only, which is crucial for yieldingpolarizations beyond 50%. In practice, however, instead of being sharply defined,the energy bands in a GaAs crystal are broadened due to crystalline defects andthermal agitation. Therefore, to achieve polarizations significantly higher than 50%,the strain must be sufficiently large such that the overlap between the broadenedheavy-hole and light-hole bands is small.2.2Polarized Photoemission from NEA GaAs Photocathode

4Once excited into the conduction band, the electrons quickly thermalize tothe bottom of the conduction band and diffuse to the surface. While these electronswill normally remain inside the GaAs crystal as the vacuum level is about 4 eVhigh, efficient escape is possible in a p-type doped GaAs cathode whose emittingsurface is treated to have an NEA. Specifically, NEA refers to the condition that thevacuum level is below the conduction band minimum in the bulk, permittingelectrons to escape into vacuum. This situation is illustrated in Fig. 2. Therealization of the NEA condition is a result of a work function lowering thin surfacelayer formed by an alkali and an oxidizer, typically Cs and F or O, and thedownward band bending near the surface in a p-type, such as Zn, doped GaAs.

3 2 1 m_j=

m_j m_j= s^+

S

P P

E_g

D

G_6

G_7 d G_7

G_6

Fig. 1: The relevant conduction and valenceenergy bands of uniaxially tensily strained GaAsnear the G point (zero momentum) in momentumspace, and the relative optical transitionprobabilities for excitation with s+ light.

E_F hn

p

E¥ e^—

E_g

Fig. 2: The downward band bending near thesurface of a p-doped GaAs cathode and theaddition of a Cs-F layer on the surface drops thevacuum level to below the conduction bandminimum in the bulk, leading to NEA.In order to achieve NEA, a GaAs cathode must reside in an ultrahigh vacuumsystem. The activation process that yield an NEA surface consists of the followingsteps: (1) Prepare an atomically clean surface by heating the cathode to atemperature just below the congruent point for GaAs which is near 660 ßC. AtSLAC, heat cleaning is performed at 600 — 610 ßC for a duration of about 1 hr; (2)While monitoring the photocurrent with the combination of a white light source anda Helium-Neon laser (633 nm), apply Cs to the clean surface until the photocurrentpeaks; (3) Finally, apply Cs and an oxidizer either simultaneously or alternativelyuntil the photocurrent is maximized. We use NF3 as the oxidizer while manylaboratories use O2 instead. For the Cs source, we have gradually switched from Cseffusion cells to channel dispensors that are much easier to operate.In addition to the spin polarization, another important parameter thatcharacterizes an NEA GaAs photocathode is the quantum efficiency (QE), definedas the number of emitted electrons normalized by the number of incident photons.The QE is determined by three factors: optical absorption efficiency, probability ofdiffusing to the surface, and surface escape probability [9]. For a thin GaAscathode, such as the highly strained 100 nm cathode used at SLAC, its QEessentially scales with the cathode thickness normalized by the absorption depth,

5which strongly depends on the excitation photon energy near the band gap thresholdand can be as large as many microns. Thus, due to inefficient optical absorption,the QE of a thin strained GaAs cathode for maximum electron polarization can beup to two orders of magnitude lower than the bulk cathode’s QE, typically on theorder of 10%.The polarization of the emitted electrons is generally lower than the initialpolarization of the photoexcited electrons in the conduction band due todepolarization effects during the photoemission process [10]. Electrons that spendless time inside the crystal have a smaller probability to be depolarized andtherefore have a higher polarization. Electrons that spend more time in the crystalgenerally have lower energies and are less likely to escape when the NEA condition,or the QE, deteriorates with time. Therefore, for a given cathode, there is in generala negative correlation between the spin polarization of emitted electrons and the QE.2.3High Polarization Photocathode R&DAs discussed earlier, enhanced photoelectron spin polarization, i.e., >50%,using GaAs is possible only if the degeneracy between the heavy-hole and light-hole bands is removed. This may be accomplished by lowering the crystallinesymmetry of the GaAs lattice. One approach is to introduce a lattice deformation inthe GaAs crystal, and the other is to create an artificial structure with a lowersymmetry. The strained-lattice cathode [11] falls into the former category, whereasthe superlattice [12] belongs to the latter type. Both are artificially engineeredstructures that require a molecular beam epitaxy (MBE) or a metal-organic chemicalvapor deposition (MOCVD) system to perform the epitaxial growth process.In 1991, Maruyama et al at SLAC [11] reported the first observation ofenhanced spin polarization from a NEA strained In0.13Ga0.87As photocathode. Theuniaxial compressive strain in the In0.13Ga0.87As layer is realized by growing on aslightly lattice-mismatched GaAs substrate. The spin polarization reached about70%, significantly higher than the 50% limit of strain-free GaAs-typephotocathodes. Continued effort in photocathode R&D at SLAC [13] and NagoyaUniversity [14] led to an optimized structure of biaxially compressively strainedGaAs on GaAs1-xPx that yielded electron polarizations over 80%.The photocathodes presently employed in the SLAC polarized electronsource are the optimized 100 nm strained GaAs doped with Zn to a density of 4—6·1018 cm—3 grown on GaAs0.72P0.28. These materials were grown by the SpireCorporation [15] using the MOCVD technique following the procedures outlinedbelow. A 0.25 mm thick p-type GaAs buffer layer was first grown on a vicinal (100)p-type GaAs substrate oriented two degrees towards the [110] direction. In order toproduce a strain relieved GaAs0.72P0.28 layer on GaAs, a 2.5 mm thick GaAs1-xPxlayer was grown with the phosphorous fraction, x, gradually increasing from 0 to0.28 to avoid an abrupt lattice mismatch, followed then by the growth of anadditional 2.5 mm thick GaAs0.72P0.28 with a fixed phosphorous fraction. Finally, a100 nm lattice-mismatched GaAs layer, which serves as the active photoemissionlayer, was grown with the desired Zn doping density. The lattice mismatch

6introduces a biaxial compressive strain in the 100 nm GaAs layer in the (100)growth plane, or equivalently, a uniaxial tensile strain along the growth direction.The spectra of the electron spin polarization and QE for a SLAC 100 nmstrained NEA GaAs photocathode at room temperature measured in a low-voltageultrahigh vacuum system are shown in Fig. 3. Typical of the SLAC 100 nmstrained GaAs cathodes, the polarization peaks around 80% in the wavelength rangeof 850 — 860 nm with a QE on the order of 0.1%.

�

� � �

�

� �

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

� �

�

� �

�

� • •

•

•

•

• •

• •

•

• • • • • •

�

�

�

�

� � � � � �

� � � � �

�

�

�

�

•

� λ�

·1018—3was at room temperature and biased at —22 V.current, however, the low efficiency of such a cathode may render it unusable due to for these high duty factor accelerators as well.2.4New Phenomena of Polarized PhotoemissionA.Charge Limit energy close to becomes limited by its intrinsic and surface properties rather thanlimit has a memory effect, i.e., the charge limit for a pulse closely following another

10 cm—3limit phenomenon [19].usable range of the laser pulse energy.B.QE Anisotropyphotocathode at normal incidence, the QE shows a dependence on the azimuth anglesinusoidally in azimuth, and assumes maximum and minimum values along the [01

–strained GaAs cathode may reach 15%, which is rather substantial.

excitation light to minimize the intensity asymmetry.

The SLAC Polarized Electron Source3.1Lasersmmatches the requirements of GaAs photocathodes.nm to yield the highest polarization from the cathode, whereas the second, lagging