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ization can be signi�cantly higher. The prospects for achieving electron single-beam

polarizations 95% are discussed. A complimentary achievement would be to use

two-beam polarization.



>

�

�

p �

+

1

+

+

+

+ +

�

�

�

�

�

� �

z R L

L R

R L

R L

s

W W

W W

> m e e

e e

Z e e

e e

Stanford Linear Accelerator Center

Stanford University, Stanford, CA 94309

HIGHLY POLARIZED ELECTRON BEAMS FOR LINEAR

COLLIDERS

1. Polarization Requirements

J. E. CLENDENIN

The SLC operates with electron beams having a polarization of 80%. The physics

opportunities for future colliders will be greatly enhanced if the beam polarization can

be signi�cantly higher. The prospects for achieving electron single-beam polarizations

95% are discussed. A complimentary achievement would be to use two-beam polar-

ization.
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Polarization will be an important element for particle physics employing future

electron linear colliders. At 500 GeV, the cross sections for many processes

depend on polarization. Within the SM the striking example is that the production

of pairs, which provide a major part of the background for many other

processes, is nearly suppressed for a right-handed electron beam. Within SUSY, the

production of right-handed sleptons and neutralinos dominates for a right-handed

beam, whereas left-handed sleptons and charginos dominate for left-handed.

Thus polarization will be very useful for sorting out SUSY signals. In addi-

tion, precision measurements of properties of SUSY particles will bene�t from the

background reduction available with right-handed electron beams. In the rather

dramatic example shown in Figure 1, the dominating background asso-

ciated with smuon pair production using an unpolarized electron beam is nearly

eliminated by using a highly polarized beam. Finally, as will be discussed below,

polarized beams enhance the luminosity of a collider.

The principal reason for the e�ectiveness of polarization is that for energies

, right-handed electrons (left-handed positrons), ( ), have no weak inter-

action whereas left-handed electrons (right-handed positrons), ( ), do. Con-

sequently, above the mass, and behave as distinctly di�erent particles as

do and . Wherever cross sections have a strong dependence on polarization,

about half the particles in an unpolarized beam are useless. By choosing only the

desired particles for an interaction, the luminosity for a given beam intensity is

e�ectively increased.
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2. Present Capabilities and Limitations

Fig. 1. Examples of acoplanarity distributions for smuon pair production with (a) unpolarized

electron beam and (b) a 95% right-handed polarized beam. Figure from ref. 2.

The polarization for an ensemble of electrons can be de�ned as

=
( ) ( )

( ) + ( )

and correspondingly for positrons

=
( ) ( )

( ) + ( )

where indicates the number of particles of a given species. Thus the polarization

for left-handed (right-handed) electrons (positrons) is positive.

For future lepton colliders, = 80%|which as will be discussed in section 2 is

already available|is su�cient for most high-energy physics experiments. A possible

exception may be for the study of charginos since their cross sections vary with the

handedness of the beam polarization in nearly the same manner as the

background. However, there is no question but that having signi�cantly higher

polarization will have an enormous impact on the physics capabilities of a future

collider.

Polarized electron beams for accelerators were pioneered at SLAC in the mid-1970s.

By the 1990s several accelerators including the MIT/Bates linac and the Mainz

Microtron (MAMI) were also conducting some physics experiments using polarized

beams. Since 1992, all electron beams at SLAC, including the SLC and �xed-target

beams, have been polarized. Recently new or revived polarized beams have come

online at TJNAF, NIKHEF, and Bonn.

One of the principal factors in the progress of polarized beams has been the

semiconductor-photocathode source �rst introduced to accelerators in 1978. The

symmetry for minimum-energy transitions between the valence and conduction

bands in III-V semiconductors is very high: equivalent to = 3 2 symmetry at
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Fig. 2. Crystal lattice, energy level diagrams at the � point, and transition probabilities for (a)

unstrained GaAs, and (b) strained GaAs on GaAs P . The constants shown are for room

temperature. In (b) the heavy-hole (hh) valence band is separated from the light-hole (lh) at � by

. On the right, only transitions for excitation are shown. The resulting polarizations assume

near threshold excitation.

the valence band maximum (VBM) and 1/2 at the conduction band minimum

(CBM). Since the transition rate for = 3 2 1 2 is three times that for

1 2 1 2, absorption of circularly-polarized photons (angular momentum of

unity) with energy near the band gap will preferentially populate one spin state in

the conduction band. Fortunately the band gap of most III-V semiconductors is

near that of several readily available high-power laser systems.

Semiconductor photocathodes having nearly degenerate p-doping can be pre-

pared to have a negative electron a�nity (NEA) surface|which produces a high

quantum e�ciency (QE, de�ned as ratio of number of extracted electrons to number

of incident photons)|by an activation process that includes preparing an atomi-

cally clean surface in ultra-high vacuum conditions, then treating the surface with
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Fig. 3. QE and polarization spectra for the SLAC GaAs on GaAs strained-layer pho-

tocathode used for SLC in 1994. The measurements were made at room temperature and low

voltage.

one (or up to a few) monolayers of Cs and an oxide (typically oxygen or uorine).

The problems of obtaining an initially high QE and maintaining this QE over time

have been mostly solved.

Because of the valence-band degeneracy at the � point of the = 3 2 (heavy

hole, hh) with the = 1 2 (light hole, lh) states, the extracted electrons for an

unstrained III-V semiconductor have a theoretical polarization of 50% which is

rarely achieved in practice. Most accelerator sources have been limited to 25{35%

polarization. However, in the early 1990s, a practical means was found to break

this degeneracy. Strain is introduced in the crystal lattice by growing a thin epi-

taxial layer on a substrate having a di�erent lattice constant along with a larger

band gap. The lattice mismatch results in a distortion of the lattice of the epitaxial

layer, the practical e�ects of which extend for 100 nm. The strained lattice and

corresponding energy levels are shown in Figure 2b and can be compared with the

unstrained case in Figure 2a. For a lattice mismatch on the order of 1%, the energy

splitting can be 50 meV. If the excitation laser is tuned to promote electrons to

the conduction band from the valence-band higher-energy state only, then the the-

oretical polarization of the conduction band electrons is raised to 100%. In practice

values of 75{85% are achieved at SLAC. To utilize the strained-layer cathodes for

high polarization, the laser must be tuned very close to the band-gap energy where

the optical absorption rate is rapidly dropping, requiring a considerable increase

in laser energy. Likewise, since the thickness of the epilayer, , is forced to be

4
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3. Prospects for Signi�cantly Higher Electron Polarization

Section 3 is inspired by a similar but unpublished analysis made by A. Subashiev (St. Petersburg

Technical University).

much less than the optical absorption depth, , the charge arriving at the cathode

surface for a given number of incident photons is much reduced. Fortunately, how-

ever, there appears to be no diminution in the electron escape probability from the

surface|either initially after activation or with respect to the fall o� with time|

so that given a suitably powerful laser, high intensity accelerator beams are quite

achievable as demonstrated by the SLAC beams.

The polarization and QE spectra for one of the 100-nm strained layer photo-

cathodes (GaAs/GaAsP) used for the SLC are shown in Figure 3. In fact, the SLC

polarized beam already meets most of the requirements for a future collider with

the exception that there are only two widely-spaced SLC bunches of 8 nC each

whereas most collider designs require about 100 closely-spaced bunches each with

1 nC of charge. The latter is a major challenge since it has been found that there

is a limit to the current density that can be extracted from a GaAs cathode. This

limit can be well below the gun space-charge limit. The cathode charge limit is

related to the trapping of electrons in surface states during the extraction process,

resulting in the rapid growth in the surface potential barrier. The emission is then

limited|i.e., the photocurrent saturates for increasing laser power|by the rate at

which the surface charge can be neutralized, which is a process that depends among

other things on dopant density, crystal quality, temperature, and on the degree of

success of the surface activation. A more extensive discussion of the cathode charge

limit can be found in ref. 4.

The limitations in polarization and yield for semiconductor photocathodes can be

understood in the framework of the three-step model illustrated in Figure 4: (1) ab-

sorption of the photons in the bulk material resulting in promotion of electrons to

the conduction band, (2) transport of the conduction band electrons to the surface,

and (3) escape of the surface electrons to vacuum. For GaAs at room temperature,

= is typically on the order of 1 m, where is the optical absorption coef-

�cient. The transport process is well described by di�usion theory. One reason for

the high QE of bulk GaAs is that the di�usion length, , is typically well matched

to . Here = , where is the di�usion constant and is the electronic

lifetime in the bulk. Finally the surface escape probability is greatly enhanced by

having an NEA surface.

The three-step model describes the QE spectrum quite well. In addition, the

depolarization mechanisms associated with each of the three steps can be identi�ed.

The incident light is here assumed to be 100% circularly polarized. The depolariza-

tion in the �rst step is primarily associated with inadequate band splitting combined

with the expected smearing of the band edges. During the second step, the electron

spin has the opportunity to relax prior to escaping into the band bending region

(BBR). As will be discussed below, the depolarization mechanisms in the �nal step

5
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Fig. 4. Schematic energy band diagram at � near the surface for strained GaAs illustrating the

three-step emission process where step 1 is absorption of a photon creating an electron-hole pair,

step 2 is escape of the conduction band electron into the band bending region (BBR), and step 3

is the emission of the electron to vacuum. E , E , and E are conduction band minimum and

valence band maximum for heavy hole and light hole energies in bulk respectively. E is the gap

energy, F the fermi energy, the electron a�nity, and and the width and depth of the

BBR respectively.

are presently not well understood.

The polarization, , as well as QE for the extracted electrons as derived using

the three-step model can be linearized if , , or , where is a

distance related to the spin relaxation time in the bulk, , by = . The

linearized QE is given by

= (1 )

where R is the optical reection coe�cient at the surface and is the electron

escape probability from the BBR.

can be expressed as the product of three factors, one for each of the three

steps:

=

where is the polarization upon initial excitation to the conduction band and

( ) is the probability of escape from the active layer (BBR) without loss of

polarization.

depends on two factors: the hh-lh band splitting, , at the � point, and any

variations in the band edges. For strained-layer cathodes, the strain is perfectly

maintained only up to a critical thickness, , which is typically about 10 nm. Be-

yond the critical thickness, the strain is expected to decrease at a rate depending

somewhat on the lattice defect density, which in turn depends on the fabrication

6
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details for a speci�c crystal. Thus the e�ective can be increased by using a small

value of and by careful fabrication techniques. One of the enticing features of

a strained superlattice is that the thickness of the individual quantum wells and

barriers are each much smaller than . For highly doped materials at room tem-

perature, the variations in the band edges are dominated by band tailing, which is

the spreading of the band edge due to the random potential uctuations associated

with the ionized acceptors (for p-doped material). The band tailing can be charac-

terized by a band tailing parameter, . Comparison of calculated values of with

experimental photoluminescence data gives a value of 20 meV for a dopant

density of 5 10 cm . Broadly speaking, decreases (increases) by a factor of

2 for a decade decrease (increase) in dopant density, i.e., . The initial

polarization of the electrons in the conduction band, , can be expressed as

= 1

where is the initial depolarization given by

Assuming an average value of = 50 meV, the initial polarization for a dopant

concentration of 5 10 cm is 0 92. can presumably be increased to

unity by a combination of larger and smaller .

is generally a�ected by two depolarization components, viz., depolarization

during thermalization to the bottom of the conduction band, and depolarization

during di�usion to the surface. These two components are in general interdependent

for thin active layers since a high proportion of the electrons would escape to the

BBR before complete thermalization. However, for excitation at threshold, which

is necessary for high polarization, only the second component applies. For nearly

degenerate p-doped materials at room temperature, spin relaxation during step 2

is dominated by the exchange interaction between conduction band electrons and

bound holes, known after the authors who �rst described it as the BAP mechanism.

is given in general by

=
+

Since

=
+

where ( ) is the heterointerface (surface) recombination velocity and assuming

, the expression for simpli�es to

1 = 1

7
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for thin active layers. Typical values are = 2 10 cm/s and = 5 10

s, where a dopant density of 5 10 cm is assumed. Therefore one expects

10 nm, which is consistent with the experimental value derived from the

slope of for thin active layers.

Since for the BAP mechanism, varies inversely with , can be essentially

eliminated if is reduced|at least in the bulk|by an order of magnitude. One

could also reduce to 100 nm, but at the expense of decreasing the QE.

Polarization losses in the BBR determine the factor . It is fairly well

established that electrons remain in the BBR for relatively long periods, losing

energy by emission of optical phonons before being emitted to vacuum. The BAP

mechanism is not applicable in the BBR because of hole depletion. Thus most of

the spin relaxation in the BBR is likely due to the di�usion of the spin preces-

sion vector|a process known as the DP mechanism |which is quite sensitive to

the K.E. More recently, it has been shown that for thin active layers excited at

threshold, the energy distribution of the electrons emitted to vacuum consists of a

broad plateau extending in energy from just below the CBM in bulk to the vac-

uum level. The high-energy edge of this distribution follows the excitation energy

below threshold indicating that the tails of the conduction band play a signi�cant

role in the energy distribution of the escaping electrons. These electrons have an

energy-resolved polarization that at �rst decreases gradually with decreasing en-

ergy, then levels o�. This relatively abrupt leveling o� of the spin relaxation rate

at low K.E. has been associated with the electrons becoming localized in uctuation

states associated with the uctuation potential generated by the random impurity

distribution in the BBR and at the surface. The energy separating localized from

delocalized electron states is known as the percolation level (PL).

To minimize the depolarization in the BBR, the K.E. must be kept low. This

is done if the excitation energy is near the band gap, as is necessary for producing

highly polarized electrons from strained-layer cathodes, and if the PL is high. The

PL can be made high by using a high dopant density in the BBR which shifts all

the states to higher energy while simultaneously increasing the NEA. It turns out

that high dopant density in the BBR is the prescription for raising the saturated

current as well. Di�erential doping of the BBR and bulk is easily accomplished

using either MBE or MOCVD growth techniques. Fortunately the heat cleaning

(600 C for 1 hour) typically employed to prepare NEA surfaces seems not to result

in rapid di�usion of the higher density dopant.

The polarization is known to increase with decreasing QE, i.e., as the vacuum

level increases, the electrons that have undergone simultaneous energy and spin

relaxation in the BBR are progressively blocked. At the lowest QE the polarization

should be equal to that of the electrons when they initially enter the BBR. For the

SLAC polarized electron source, the polarization rises from 0.75 to about 0.85 as

the QE decreases over one decade. One would choose to operate with such low QE

when su�cient laser power is available except for the cathode charge limit, which

unfortunately decreases the saturated current level in proportion to the decreasing

8
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4. Polarized Positrons

5. Conclusions

Factor Present Value Improved Value

P 0.06 0

P 0.10 0

P 0.05 0.03

QE. The higher polarization measured at SLAC presumably corresponds to the case

where the electrons that escape to vacuum have undergone no spin relaxation in

the BBR. Extrapolating this value to zero thickness (see earlier) gives a value of

= 0 94, which is slightly higher than estimated earlier.

The spin-relaxation factors associated with each step are summarized in Table l.

The improved value represents what should be achievable based on the analysis in

this section.

Thus it appears one should be able to achieve an electron polarization of

0 95 from a properly designed and fabricated strained-layer or strained-superlattice

photocathode.

Polarized positrons are in general desirable for an e e collider since they en-

hance the luminosity in a manner similar to that of polarized electrons. Polarized

positrons can be produced by pair production in a conversion target using high-

energy polarized gammas derived either from a high-energy electron beam (E 150

GeV) in a long helical undulator or from an intense polarized laser beam Compton

back-scattered from a relatively low-energy electron beam (E 10 GeV).

For e e colliders in which both beams are polarized, a generalized polarization,

P , can be de�ned:

=
( ) ( ) ( ) ( )

( ) ( ) + ( ) ( )
=

+

1 +

Assuming a positron polarization of 0.5, P would be 0.93 (0.97) for electron polar-

ization of 0.8 (0.9). Thus for a less than 100% polarized electron beam, a polarized

positron beam would be very powerful complimentary tool for exploring many high-

energy physics processes.

From the discussion above, the prescription for increasing the electron polarization

to 95% is fairly clear: a thin, strained, active layer (either a single strained-layer

or a superlattice) with large that has doping concentration in bulk of 10 cm

and in the BBR of 5 10 cm , carefully fabricated on a high-quality substrate.

The research to produce such a cathode, including the investigation of many relevant

details not discussed here, is underway at SLAC and other institutions.
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