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Operating experience with the MAMI polarized electron
source

The B2-collaboration
H.G.Andresen, K.Aulenbacher, T.Dombo, P.Drescher, H.Euteneuer, H.Fischer,
D.v.Harrach, P.Hartmann, P.Jennewein, K.H.Kaiser, S.Koebis, H.J.Kreidel,
C.Nachtigall, S.Pluetzer, E.Reichert, K.H.Steffens, T.Weis

presented by Kurt Aulenbacher

Abstract

A polarized electron source is used for nuclear physics experiments at the Mainz
855 MeV electron accelerator since summer 1992. The polarized beam is produced by
photoemission from a GaAs;.; P.-semiconductor crystal. The normalized emittance
of the 100 keV d.c.-beam is about 0.32 7 - mm - mrad - mge, fulfilling the demands
given by the acceptance of the accelerator. The beam polarization was determined
to be 34% by a Mott polarimeter installed in the 100keV injection beamline. The
operation time of the source is about 100 hours at 50uA primary current. Up to now
the total estimated runtime for several nuclear physics experiments is more than 500
hours, primary currents were ranging from 5 to 60 uA. Lifetime effects correlated with
high d.c-currentdensities are discussed.

1 Introduction

The Mainz-Microtron (MAMI) produces a high quality c.w.-electron beam at 855MeV
[HER76]. It is an instrument dedicated to intermediate energy (nuclear-)physics experi-
ments. Many experiments use a polarized electron beam, e.g. those trying to do a precision
measurement of the electric form factor of the neutron [HEI90]. The requirements for the
polarized beam are given in table 1.

Two of the values given in table 1 influence the operation of the source severely: In the
first place the longitudinal acceptance of the accelerator only permits a transmission of 20%
to the target. Under this conditions the average current at the source has to be 5 times
larger than that at the target position. The other stringent boundary condition is also
resulting from the operating principle of MAMI: The normalized emittance at the injection
point must not exceed 0.57 - mm - mrad- mgc if one wants to avoid operation with excessive
background. Both boundary conditions together lead to the demand that an electron beam
of high average brightness has to be produced.

2 Experimental setup

2.1 Lasersystem

Figure 1 shows the laser system of the MAMI polarized electron source. Because our cathode
material is bulk-GaAsg ¢ Py 4 with a bandgap of 1.88 eV a laser operating at approximately



2 EXPERIMENTAL SETUP

optical-fibre input.

Dye Laser

Argon—Llaser

/ 10 Meters to polarized electron source

Figure 1: Lasersystem of the MAMI polarized electron source

640 nm is required. This can be achieved by a d.c.-dye-laser system that is pumped by an
argon-ion-laser. The dye-laser-cavity contains an acousto-optic-modulator (’cavity-dumper’)
in order to obtain flexibility in the time structure of the produced laser beam [MAY70].
This is necessary because one has to provide an appropriate time structure of the electron-
beam. Though operation for experiments requires a d.c.-beam, the beam diagnostics in the
microtron sections of MAMI is based on r.f-induction by 8ns long electron pulses of about
1mA pulse height. These pulses should have a repetition rate of 10kHz. It is necessary to

[PARAME’TER | VALUE | REMARKS
Polarization 40% based on beam time
av. current 5—10pA estimation for
cont. operation time 100 — 200A GY — Experiment
accelerator transmission 0.2 values given
injection energy 100keV by the design
norm. emittance 0.57 - mm - mrad - myc of accelerator
time structure d.c. + 8ns,10kH =

Table 1: Parameters for the operation of the polarized source.




3 RESULTS CONCERNING POLARIZATION AND EMITTANCE

switch between both modes of operation without changing the parameters of the electron
beam.

These demands can be met by optical modulation of the electron beam via the cavity
dumping mechanism.

The laser beam is transported towards the source by a 20 meter long single-mode fibre which
preserves linear polarization. The pointing stability of the laser spot on the cathode surface
is good because the output coupler of the optical fibre is attached directly to the support
of the polarized source. This is important because even small deviations (<0.1mm) of the
position will lead to intolerable fluctuations of the electron beam.

2.2 polarized electron source

Figure 2 shows the 100keV-source and the first part of the injection beamline. The laser
beam emerges from the output coupler of the fibre, passes through the polarization optics
and is then focussed onto the cathode. The GaAsP-crystal is held at a negative potential
of 100kV. Figure 3 displays a magnified view of the central vacuum chamber of the source.
The electron beam is accelerated on a ten centimeter long distance towards the bottom of
the vacuum chamber which forms the anode for the electron beam. The electrode geometry
has been calculated using the Herrmannsfeldt-EGUN code [HER79]. The front ends of the
electrodes have not only been designed to produce an optimized electron beam but have also
a special shape that minimizes the electric field gradient on the surface. This is necesesarry
to avoid field emission effects caused by the cesiation of the electrode surface during the
cathode activation process.

In the polarized source all devices needed for beam optics and crystal preparation are com-
bined in one vacuum chamber. This offers the advantage that recesiation may be done during
operation without interference with the experiment. Pumping speed inside the source is pro-
vided by a 110l/s Ion Pump and a 5001/s NEG-pump. These are attached directly to the
accelerating stage/prep. chamber by ports of 150mm diameter (see fig: 2 and 3).

During transportation through the injection-beamline the beam is focussed by quadrupoles
and bending is done by alpha-magnets. A differential pumping stage is used for decoupling
the UHV-vacuum-system of the source from the 10-8mbar-vacuum of MAMI.

3 Results concerning polarization and emittance

3.1 polarization measurements

Only bulk-GaAsP-crystals have been used so far as a cathode material. For this reason the
degree of beam-polarization was 34%. This value was measured with a Mott-polarimater
that is integrated in the 100keV beamline. At 855 MeV a Moeller polarimeter offers the
possibility to determine the orientation and the degree of the polarization. So far the
polarizations measured by the Mott and the Moeller polarimeter are in agreement with
each other in the range of their error bars.

Due to the (g-2)-precession during the 159 beam-recirculations in MAMI a deviation from
longitudinal spin orientation at 855MeV had to be expected. This is demonstrated in figure
4: If the beam is injected into the accelerator with longitudinal polarization the Moeller
scattering asymmetry does not reach its maximum value. A solution of this problem is to
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Figure 2: 100keV Polarized electron source and first part of injection beamline

rotate the polarization in the accelerator plane by the spin-rotator that is integrated in the
100keV injection beamline. This device is described in [STE93]. At a rotation angle of -50
degrees the maximum longitudinal polarization component is achieved. The spin rotator
setting once found had not to be changed for more than half a year, which is due to the
excellent energy stability (42 < 1.107*) of the microtron.

3.2 Emittance

As mentioned above the emittance should not exceed a value of 0.57 - mm - mrad - myc at
the injection point.

The value of emittance should be a linear function of the laser spot diameter. This was
confirmed by experimental data. .

Some increase of emittance was observed in the injection system. For this reason the emit-
tance at the source was even further reduced in order to compensate for that. The final
value of the emittance at the source was 0.32mmm - mrad - mgc. This was achieved at a
laser spot diameter (1/e%points) of 0.29mm. It is clear that as a consequence of the small
emitting area the average current density on the area is high. The avarage current density
used in experiments was as high as 70mA /cm?.
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Figure 3: Cross section of main vacuum chamber

A summary of the most important operating parameters is given in table 2.

4 Operational stability

4.1 Stability under high voltage

It is remarkable that a satisfying stability during high voltage operation could only be
achieved after the field emission current had been reduced below the detection limit (=
10nA). This was done by minimizing the field gradients at the electrode surfaces. Under
this conditions there is no need for high voltage processing of the electrode which would
certainly damage the crystal.

4.2 Effect of recesiation

The left hand side of figure 5 shows the decay of the photocathode yield during operation
at a current of 20uA. The data are fitted by an exponential curve with a decay constant of
T =207

The solid line at the bottom of the graph indicates the minimum quantum efficiency (q.e.) re-
quired for the production of 20 pA beam current (These data were taken during a D(€,€'1)-
Experiment.). After the first 20 hours of operation we decided to recesiate the cathode. This
is possible in our configuration without affecting the experiment.
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| PARAMETER | VALUE | REMARKS |
quantum efficency 0.5-0.9%
polarization 0.34 longitudinal at 855 MeV
vacuum stability ~1000h >4000h recesiated
field emission <10nA after in situ prep. at 100kV
emittance 0.327 - mm - mrad - myc | 0.29mm diameter of laserspot
av. current density 70mA /cm? at 50pA av. current
cont. operation time 150-200h at 20 pA
operation time @ 50 gA >100h with movement of laser-spot

Table 2: Operating parameters of the MAMI-PES. All values correspond to 642nm
Laser-wavelength.

In the right hand part of figure 5 the results are shown on a larger time scale. Cesium was
switched on after 20 hours and a continuous Cs-flow was maintained until g.e. reached its
maximum again. After this the decay constant was again about 20 hours, so that recesiation
became necessary in periodic intervals. In this mode of operation there is obviously still
a decrease in q.e.. The maxima of the curve after recesiation may still be fitted by an
exponential decay. The decay constant of this new exponential curveis 7 = 95h~!. Because
the initial q.e. was a factor of 7 higher than the minimum value required, it was possible to
compensate for the decrease of q.e. by increasing the laser power. The maximum possible
continuous operation time would have been 150-200 hours. We did not reach this limit
because the experiment was succesfully completed before.

4.3 Local changes in quantum efficency during operation

In order to find the effect that is responsible for the limited lifetime even with recesiation
an investigation concerning the q.e.-distribution on the crystal was carried out. Our guess
was, that the reduction of q.e. may be restricted to the emitting spot itself. For this reason
q.e. was measured on a square area of the cathode of 2mm x 2mm size! at a mesh of points
0.2mm apart from each other. The emitting spot during source operation was located in
the center of the square.

The specific geometry used in the experiment needs some further explanation: In the left
hand side of figure 6 the investigated area (square) does not include the center of the crystal,
i.e. the starting point of the electron beam is not on the symmetry-axis of the gun. This
is due to practical reasons, because we found out that emitting spots in the periphery of
the crystal have higher g.e. and longer lifetimes than those near the symmetry-axis. The
focussing properties of the polarized gun offer the possibility to start the beam on any point

180 far no automatic data acquisition was available for this type of experiment. It would of course be
better to investigate the whole crystal surface.
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Figure 4: Moeller asymmetry due to longitudinal component of polarization as a
function of spin rotation angle at the injection (from [STE93]).

of the crystal surface without affecting beam characteristics too much.

The right hand side of figure 6 shows the absolute values of q.e. on the square. During
the experiments we were interested in the relative changes of q.e. on each meshpoint. In
the following plots (figure 7, and 8) the quotient q.e. after the experiments divided by the
initial value is plotted over the square mesh. A value of 1 means that there has been no
change of q.e. during the experiment.

The first experiment was done in order to find out if the laser beam intensity itself damages
the crystal. To do so we irradiated the crystal with 50mW without producing an electron
beam, i.e. the crystal was held at ground potential during the experiment. The graph on
the left hand side of 7 shows the result: No significant change of q.e. was observed under
this condition.

In the next experiment we used the same intensity for producing an electron beam. The
result of this three hour run is plotted on the other side of figure 7. We observed a relative
loss of 20-30% on the whole area. Because the experiment was done without recesiation and
at high current (100-200 pA) this had to be expected. Later experiments confirmed that
this global’ loss may be cured by recesiation.

The effect on the area of the laserspot itself is more pronounced. Surprisingly a groove-like
structure is emerging from the position of the emitting spot. It has about the same loss
(relatively 60%) than the emitting spot. The ’groove’ is roughly directed towards the center
of the crystal.



4 OPERATIONAL STABILITY

“© € (D.¢'D) - runtime, 30.10. - 3.11..92 © ¢ (D,e'D) - umtime, 30.10.- 3.11..92
# Quantan eficiency Cs oft *  Quansan eficiency
35 35tes
BE 30|  exponential decay with 7= 20 hours B! sof
3 LET
E E 15
g I
05 LASER LIMIT FOR 20 uA oS LASER LIMIT FOR 20 pA
00 00
1 10 2 4 16 13 20 0 10 2 E «© 50 (] » 0 90
Beamon target/ b Beamon target/ b

Figure 5: Decay of quantum yield without recesiation (left hand side) and with peri-
odic recesiation (right hand side).
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Figure 6: Left hand side: crystal size, size of square and laser-spot size. Right hand
side: Absolute values of q.e. on the 2mm x 2mm square before experiments)

The conclusion from this results is the following: The observed decay constant in the mode
of operation with recesiation (see figure 5) is caused by a ’local-effect’ that degrades q.e. on
the emitting spot and on the groove-area.

We took advantage of this information during a 3He(E, e'n) -experiment when the current
had to be increased to 50 pA. At this current the minimum required q.e. is increased and
the decay of the q.e. is faster than at 20 yA.

Under this conditions the requested current could only be produced for 20-30 hours from
one single emitting spot. After this period the laserspot was moved by a distance of about
0.3-0.4 mm. At the new position the q.e. was nearly unchanged, so that another production
interval became possible. After changing the emission site an optimization of the beam
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Figure 7: Left hand side: relative changes of q.e. after 50mW-irradiation of the
cathode (without electron beam). Right hand side: relative changes after 3 hours of
beam produced by 50mW Laserpower (no recesiation).

injection is necessary. This procedure usually takes between one and three hours. For that
reason the availability of the source dropped to 90-95% during the experiment. The left
hand side of figure 8 shows the relative changes of q.e. after more than 100 hours at 50uA.
Seven different beamspots had been used. The big depression in q.e. is the result of the
many overlapping ’grooves’.

The right hand side of figure 8 shows, that the local effect may be cured by the standard
heat cleaning procedure. Large parts of the square are regenerated to 90% of the initial
value whereas the regions in the center have not yet recovered. The situation was further
improved by another heat cleaning procedure with elevated temperature.

5 OQOutlook

Though nuclear physics experiments with longitudinal Polarization P, = .34 and 10 mikroam-
peres of avarage beam current (equivalent to 50 uA at the source) have become possible,
there is need for improvements.

On the one hand photocathodes with the possibility of P, > 50% have to be employed. On
the other hand many experiments demand even higher currents ranging up to 200 pA at
the source.

For this reason we are installing a twin gun system at the accelerator. This will offer some
advantages. One possible option could be ’tandem operation’ for very high currents. In this
mode one source may be producing current for an experiment while the crystal of the other
is regenerated by the heat cleaning procedure. Another possibility may be used, if strained
cathodes do not give enough q.e. or do not have enough stability under extreme conditions.
It will then be possible to use one bulk-cathode for high currents and one strained cathode
for experiments with lower beam current. The installation of the twin-gun system will be

10
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Figure 8: Left hand side: relative changes of q.e. after >100 hours at 50 pA. Seven
different beamspots have been used. Right hand side: Situation after two days of
moderate heat cleaning.

finished by the fall of this year. After that one of the two guns will be equipped with a
load-lock system which we plan to install by the end of 94.

11
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Guenter Baun
Universitat Bielefeld

Experiences with strained layer GaAs-photocathodes

We have used strained GaAs layers as photoemitters of polarized electrons to study atomic
physics processes. The wafers were obtained commercially (SPIRE Corp.). As light source
a laser diode operating dc at 837 nm with 30 mW max. output was taken. Electron
polarizations up to 70% and emission currents up to 10 A were obtained. The preparation
and operation procedures will be described and our measurements in respect to the polarized
electron characteristics will be presented.

13
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TARGET STRUCTURE: ELECTRON POLARIZER

LAYER COMPOSITION CARRIER CONC/TYPE | LAYER THICKNESS
= (cm®, PorN) ° (pm)
1 GeAs P = 4-6E18 025
2 _ GaAs, P, Graded P = 4E18 2.50
X = 0-30.0%
3 GaAs Py P = 4E18 2.50
4 GeAs P = 5E18 ’ 0.10
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Stan Ecklund
SLAC

- Polarized e- Source Requirements for Linear Colliders
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Linear Colliders

SLC Provides practical experience on an operating
machine. Improvements have been made over
a period of years. Good reliability achieved.

NLC SLAC design based on SLC experience and R&D
on X-band RF, FFTB, NLCTA, ASSET.

JLC KEK design. R&D ATF, FFTB, RF.

CLIC CERN. Uses high frequency and rep rate.

Requires intense drive beam.
DESY-THD Conventional S-Band accelerator.
TESLA DESY design. Super conducting LINAC.

VLEPP High intensity single bunch, requires tight
alignment tolerances.

Other Machines
LINAC - Fixed Target Machines

CEBAF
LAL-Orsay
MIT-Bates
SLAC
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Linear Collider Components

e- Source
Laser
Photo Cathode
Gun (DC HV, Pulsed HV, or RF)
Bunching System
Sub-harmonic
Main RF
photo cathode
Booster LINAC
Damping Ring (1-2 GeV)
Bunch Length Compressor
Accelerator
Additional Bunch Length Compressor
Main Accelerator

Collimation

Final Focus

27
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Linear Collider e- Source Parameters

ac
C.M. Energy at IP (GeV) 100
Luminosity /(cmA2-sec) 3.00E+29
Main RF frequency (GHz2) 2.876
Bunch Intensity @ IP Ne- 3.00E+10
Bunch Intensity @ Source  Ne- 5.00E+10
{ncoul) 8
Bunches per pulse 2
Pulse Intensity @ Source (ncoul) 16
Pulses per second (H2) 120
Bunch Spacing (ns) 59
Bunch Train Length (ns) 118
Average Current in Train (Amp) 0.14
Bunch Length @ IP (mm) 1
Bunch Length @ Cathode  (ns) 2.5
Peak Current @ Cathode (Amp) 3.2
Bunch Length @ 200 MeV  (mm)
Energy Spread (%) 1
Bunch Intensity Variation (%) 3
Horz. Invar. Emittance @ IP  (rad-m) 4.00E-05
Vert. Invar. Emittance @ IP  (rad-m) 7.00E-06
Invar. Emittance @ Source (rad-m) 2.00E-04

NC

500
9.00E+33
1.14E+01
6.50E+09
1.00E+10

1.6
90
144
180
1.4
126
1.14

0.1

0.7

2.3

2

1

0.1 to 1.0
2.00E-06

2.00E-08

1.00E-04

JdC CUC CLICDrive DESY-THD
500 500 to 2000 500
6.30E+33 2.70E+33 2.40E+33
114 30 0.35 3.00E+00
7.00E+09 6.00E+09 2.10E+10
1.10E+10 8.30E+09 2.50E+11
1.76 1.328 40 3.36
90 4 43 172
158 5.31 1720 578
150 1700 1700 50
1.4 0.333 2.9 10.7
126 1.332 123 1840
1.26 4 14 0.31
0.08 0.17 0.5
1 1
0.3
0.5
3.00E-06 1.50E-06 5.00E-06
3.00E-08 5.00E-08 5.00E-07
5.00E-05 1.60E-06
4 trains/pulse
multiple injectors
3 GeV

not pol.

TESLA

500
2.60E+33
13
5.10E+10

8.16
800
6528
10
1000
800000
0.0082

1

0.1

2.00E-05

1.00E-05

VLEPP

500
1.20E+34
14
2.00E+11

32
1

32
300

0.75

3.00E-05
3.00E-09

wiggler



ELECTRON PRODUCTION/PARAMETERS/Ver-1/7-28-93

NLC Electron Source Parameters

Parameter 500 GeV 1 TeV
CM Energy CM Energy
Gun voltage 120 kV 120 kV
Injector 200 MeV 200 MeV
Invariant emittance (RMS) 1 x10~4 rad-m ~1x10~4 rad-m
Bunch length (Full width) ~ 4 mm 4 mm
Energy spread without compression | 1% 1%
Bunch length after compression 77
Energy spread after compression??
Bunch frequency 714 MHz 714 MHz
Bunches per pulse 90 67
Electrons per bunch (at 200 MeV) 1x10%° 2 x101
Electrons per pulse(at 200 MeV) 9 x101! 1.34 x101?
Pulse repetition rate 180 Hz 120 Hz
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e~ PRODUCTION/POLARIZED ELECTRONS/DC OR
PULSED GUN/Ver-1/7-28-93

Electron Gun Specifications

Type

Voltage

Pulse structure
Pulse train risetime
Charge per g pulse
Cathode type
Cathode area
Polarization

Operating regime

Macro-pulse to pulse
Intensity Stability

Max AN deviation in
any portion of pulse train

Micro-pulse to pulse
Intensity Stability

Micro pulse timing jitter

Pierce Triode
~120 kV
714 MHz Train of Ninety ~700 ps Pulses
14 ns
1.4 x101°
 Strained GaAs
3to6 émz
> 80%

. Space charge limited cathode
(Controlled by Grid or Modulating anode)
or space charge limited transport
0.1%
<14 x10%e
<1.0%

< 30 ps

31




Issues
Cl Limit

Can the required charge with the desired time structure be obtained
from the cathode.

G r { Pulse Trai

Because of LINAC beam loading, bunch to bunch intensity uniformity
tolerance is small. Performance of collider may be strongly
dependent on final energy spread which depends on single bunch
and bunch train loading.

High Polarizati

Because statistical error improves as (N P2), high polarization is
desired. Polarization vs. quantum efficiency needs to be censidered.
There may be a trade-off between quantum efficiency ana laser
puwer.

Emittance
Can the emittance from the gun be smaller and preserved in order to

simplify down stream components, e.g. Damping Rings. What is
optimum cathode size.

Reliabilit

Achievable with sufficient resources and care.
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Manouchar Farklondeh
MIT-Bates Linear Accelerator Center

MIT-Bates Polarized Injector System

The MIT-Bates polarized injector has produced over 2500 hours of high quality polarized
beam for nuclear physics research and parity violating experiments. With bulk GaAs
crystals, this PEGGY style gun producing 15 microseconds pulses at 600 HZ with average
currents of 30 A, incorporates an Argon-laser pumped Titanium-Sapphire CW laser,
chopper and helicity pockels cells and an optical transport system. A substantial differential
pumping is employed to maintain the gun at ultra high vacuums of 11-13 scales with the
accelerator of 8-9 scale. A newly added Wein filter manipulates the spin vector to any
desired direction. The polarized injector, its unique features and requirements, and the laser
system will be presented. Also to be discussed are the new injectors under construction with
multiple crystals and load-lock capabilities. A new technique for maximizing the output of a
CW Ti-Sapphire laser will be presented.
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MIT-Bates Polarized
Injector

G. Dodson, M. Farkhondeh, E. lhloff and

E. Tsentalovich

Massachusetts Institute of Technology
Bates Linear Accelerator Center
Middleton, MA 01949

(September 8, 1993)
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Outline

1) -- Overview

2) -- Polarized Injector

3) -- Spin Manipulation and Measurement

4) -- Recent Progress in Quantum Efficiencies
5) -- Strained GaAs Crystals

6) -- Ti-Sapphire Laser Development

7) -- Design of a New Injector

8) -- Summary
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1) Overview

® The MIT-Bates polarized electron injector has
produced over 2500 hours of beam for medium
energy nuclear physics experiments for the last
few years.

® The experiments included: '*C parity violation,
measurement of nucleon Form Factors, G¢" and
G," using electron scattering on *H and polarized
SHe targets. First out of plane measurement of
fifth structure function of *H and *C .

@ For the near future, over 80 percent of the
physics program requires polarized beam of high
quality and high intensity .

® Immediate major experimental programs :
®m Measurement of 2H and '>C polarization
observables using polarized beam, a new

Focal Plane Polarimeter (FPP) and Out-
Of-Plane spectrometers (OOPS).
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m Measurement of the Singlet Anomalous
Magnetic Moment of the proton using Parity
Violating Electron Scattering (SAMPLE)
which will provide new information on the
strange quark content of the nucleon.

@® The physics program with polarized beam for
the South Hall Ring (SHR) requires injection
of 1.3 us long pulses of 40 mA into the ring

at 1 kHZ which is very demanding for the
polarized injector. This will require some
upgrades of the injector and the beam transfer
line for handling higher peak currents.
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2)- Polarized Injector

@ Source parameters are given in Table 1

@ Gun chamber, a PEGGY II style photocathode
at -60kV

@ Substantial differential pumping for achieving
~ 10! -10? terr vacuum.

@® Laser System : CW Ar laser driving a Ti-
Sapphire laser.

@® Accelerating High Voltage: 320 kV

@® Beam Transfer line: lenses, steerers, an
achromat with two 45 bends, targets and
toroids.

@® Accomodates only one crystal, bake out
needed every time a new crystal is installed.
Crystal activation (NEA) in the gun chamber
with Cs and NF;.
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Table 1
® _Injector Parameters

Injection Energy 380kV
Maximum Intensity 20mA  peak
200uA average

Duty Factor 1%
Pulse width 15us (1.3us for SHR )
Repetition Rate 600HZ (1kHZ for SHR)
Polarization 0.4 for bulk GaAs

0.8 for strained GaAs
Phase Space < 10° 7 mr.mm

Intensity Stability <1% jitter pulse-to-pulse

Spin Reversal —pockels cell: rapid random
—N2  :slow
Spin manipulation =~ Wien filter — slow
— arbitrary
0, ¢ angles

Linac Capture Fraction 1/3
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e Photocathodes

B Bulk GaAs crystals:

® Q.E. as high as 6.5%
e Dark current life times: >200 hours
e Polarizations: ~40%

m Strained thin GaAs on GaAs Py

e Q.E. < .1% at A=840 nm and
recently as high as 0.5% .
e Dark current life time: ~ 200 hours
e Polarization: 42-75% at 830-870 nm
but Meller polarimeter may have had
problems.
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3) Spin Manipulation and
Measurement

@ Spin Manipulation:

m Pockels cell : Fast Spin Flip (pulse-to-pulse)
by reversal of the handedness of the laser light.

m Wien filter : Slow arbitrary spin rotation by
a crossed E and B field. The fields are set to
precisely compensate for the precession of the
spin passing through bends in the recirculator
and /or the experimental beam lines by
0 = (g-2)y0s
Required field strength is proportional to v B

E Field max : 80kV over 1.2 cm
B Field max : 160 Gauss
Effective Length 50 cm

Aperture: 1.2 cm

Status operational since 2/93
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Smallest aperture in the transport line, making
beam tuning and steering very critical. Installing
a Wien filter after the 60 kV anode and before
the 320kV would provide a combined factor of 4
in reduced effective length and increased gap
given by 4?8. This will require installing the gun
horizontally followed by a 90" achromat and the
Wien filter.

®m Magic Energies : For certain discrete beam
energies a longitudinal spin ends up longitudinal
at the target after precessing by

0 = Li(g-2)y;bp=nm
in the bending sections. 570 and 860 MeV are

two recirculated magic energies for the B line
with the Wien filter turned off.
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@® Polarization Measurements

B Mogller Polarimeters:

e B- L.ine : \mrmhle energy, me

ded AAANY o V WAL AWS UL/ a J

e S- Line : 200 MeV, measures both
comp. (SAMPLE)

B Compton Polarimeter:
Obtained from Chalk Rlver requires
substantial vacuum rework and installation
before the first 45 bend in the injector
beam transport line.
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4) Recent Progress in Q.E.

@® Until recently, Quantum Efficiency of our
bulk GaAs crystals was decreasing with each
activation, an indication of inadequate heat

cleaning.

m Heat cleaning Temperature : 650°C at
the tip of the heater stalk assembly .

B Crystal Temperature: ~ Unknown, no
direct line of sight for a pyrometer.

® Past May and June, polarized *He
experiment: started with Q.E. of 6% and
quickly fell below 1% needing activation
every two-three days.

® Duration of heat cleaning had only a
small effect on maximum Q.E.
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@ After the *He experiment:

m Raised the heat cleaning temperature in
steps of 25°C, noticed Q.E. recovery at
725°C and a complete recovery at 825°C.
This indicates a AT > 100°C between the

tip of the stalk and the crystal.

m No visual sign of overheating of the
crystal.

® Plot of Q.E. vs. time shown.
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5) Strained Crystals

® In January 1993, installed a strained 0.3um

thin GaAs crystal epitaxially grown on a
(3a Ac P hnffer manunfactnred hv Qnire

Uuno(l_x)x X UUllwl dilQiiluicdviui v UJ Uyll\/

corporation.
r Layer Composition Thic:kness
(x) (um)
1 GaAs 0.25
2 GaAs, P, _0.09 2.5
" 3 GaAs,_P._y . 2.5
4 GaAs 0.3

B Polarization: 42-75% for A\ =830-875nm,
polarimeter problems?

m Q.E. : ~0.1-0.15 %

B Heat cleaning 650°C

53




KA

First strained GoAs results — SAMPLE Collaboration 3/8/93
1

80. T T T ~—

B®70. i { .

50. | } B

Electron polarization

30. 1 1 1 1 1
830 840 850 860 870 880 890
Laser wavelength (nm)

~ .5 T T T T T
o
o
Q.
<< . -
\‘E/-4
o
°o3F ° .
2 .
by
22t ]
=
o . ¢ i
-— F -
[ = .
o .
3 0 § B 1 1 1 1
830 840 850 860 870 880 890

Laser wavelength (nm)



® In August 1993, after successful recovery of
Q.E. for bulk GaAs, decided to install a
0.3um strained GaAs described above. The
upcoming FPP experiment will greatly benefit
from the high polarization and needs only
10pA average current which can be delivered.

m Figure of merit: P’I P=polarization
I=current

m Heat cleaning Temp. 775°C

® Measured Q.E.: 0.5% at A=840 nm

® Dark life time :  ~200 hours

® Reduced immediate drop of Q.E. by
stopping the flow of NF; before reaching
the final peak.

® Will measure beam polarization with S

line meller. Soon after confirmation of
high polarization will begin the FPP
experiment.
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6) Ti-Sapphire Laser
development

® The Coherents Ti-Sapphire laser model 890
can produce a maximum DC IR power of 4.2W
(TEMOO mode) at 16W DC drive laser . By
chopping the output of the drive laser, we are able
to obtain IR peak powers as high as 9W from the
Ti-Sapph with the drive laser at 30W peak. The
loss-free chopper consists of a slotted wheel and a
synchronous AC electromotor.

chopped laser duty cycle 14%
Drive laser pulse length 180us
Chopper repetition rate 600HZ
Phase stability 5-15us
Maximum IR peak output 9W
thermal load on Ti-Sapph. minimal
Gain in peak power 2.2
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® Have not yet measured the mode structure, but
appears to be only the TEMO0O mode. Used the
chopper reliably during the recent polarized *He

rumns.

>

T =SapPw. ouour

v

o loo oo

Time (Asec)
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7) Design of a New Injector

@ We are designing and fabricating a new
polarized injector which will incorporate a load
lock system for achieving higher Q.E. Itis a
diode gun similar to PEGGY II and the current
Illinois/CEBAF gun, with a custom preparation
chamber for handling multiple crystals.

FEATURES:

e Ultra high vacuum

e Multiple crystals

e L oad lock, higher Q.E.

e Reliability, ease of operation
¢ Bakable chambers

e Direct crystal temperature measurement

@® Status: two chambers being built, some details
still have to be resolved. Will be installed in 4-6
months.
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® Gun chamber:
— bakable, PEGGY 11

— Cs, NF; and heater
m Preparation Chamber:

— bakable

— Cs, NP lines and heater

— holds up to 6 crystals

— direct line of sight for a pyrometer
m Detachable loading chamber

— unbaked

— high vacuum

— holds one crystal at a time
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8) Summary

@® The MIT-Bates polarized injector has delivered
over 2500 hours for the past few ye@drs for
medium energy nuclear physics experiments.

@® Routinely ran with bulk GaAs with 40%
polarization. Higher heat cleaning temperatures
are necessary for maintaining high Q.E.’s.

@® Recently installed a thin strained GaAs
crystal for higher polarizations and obtained Q.E’s
as high as 0.5% in a system without a load lock.
This will be the first time that a high polarization
crystal is used for nuclear physics experiments.

® New injector with load lock capabilities being
constructed and will be installed soon.
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Timothy Gay

University of Missouri-Rolla

A New Polarized Electron Source & Electron Polarimeter

I will discuss recent attempts in our laboratory to extract electrons with high degrees of
longitudinal polarization from the negative glow and anode fall regions of a He DC
discharge. The discharge is optically pumped by a recently developed Nd:LMA crystal laser
which can produce metastable He polarizations in the discharge of better than 95%. The best
polarization we have observed to date is about 6%, with several milliamps of beam current.
The use of a new heavy-noble-gas inline optical electron polarimeter will also be discussed.
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A NEW POLARIZED ELECTRON
SOURCE & ELECTRON POLARIMETER

Ken Trantham *

Ea)' Viandiver?
Laird Sc/zearer*'

Tim Gay" |

® Died T March 1913
. 4+ Unmiversity of Missouri — Rella
$ Univ:rs}l‘r of Nebraska

Support : NSF Physics
/Df U. of MI.SZ:OU’c.
U. of Nebraska
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Discharge Processes -

Jonization:
He*({f) + ¢ - He*(]) + e(d) + ¢

o = 3x10"¥cm?

Spin Exchange:
He*(10) + (= He*(11) + e(9)

¢ = leﬂ'“émz

Metastable - Metastable Collisions:
He*(14) + He*(\}) - He(4}) + He*(Y) + e(4)

o = 1x10 ¥cm?

I

Penning Ionization:
He*(41) + A*(Ah) = He(1 ) + A*(D) + (D
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Optical Pumping Setup
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GENERIC OPTICAL ELECTRON
 POLARIMETER EQUATION :

IR/ RACK N
©Q 7 =r

-i- My => ANALYZING PowER
i

7z
/\( Y, = VALIDITY OF KINEMATIC
ASSUMPTIONS
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Figure 45.  Relative photon intensity plotted versus the electron energy for the
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Table XXX VI. ANALYZING POWERS AND RELATIVE EFFICIENCIES
OF THE NOBLE GAS ELECTRON POLARIMETERS.

2 e

Element Analyzing Usable Energy Relative
: Power Width (eV) Efficiency
He 0.49 0.6 1
Ne 0.72 1.1 12
Ar 0.71 1.0 10
Kr 0.67 9_2 B3
Xe 0.70 0.2 2
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Characteristics of Selected

Polarized Electron Sources
- Source Polarization I (zA) AE (V) P (A)
UMR Source (present work) 0.06 >200 <10 7X107
Rice He Afterglow Source! 0.8 50865 <015 8X10°
AlGaAs-GaAs Superlattice? 071 005 3 X 10°

NEA GaAs® 043 - 20 0.13 4X10°

*For 1 mW incident radiation.

1. L.G. Gray, K.W. Giberson, Chu Cheng, R.S. Keiffer, F.B. Dunning,
and G.K. Walters, Rev. Sci. Instrum. 54 271 (1982).

2. T. Omori, Y. Kurihara, T. Nakanishi, H. Aoyagi, T. Baba, T. Furuya,
K. Itoga, M. Mizuta, S. Nakamura, Y. Takeuchi, M. Tsubata, and M.
Yoshioka, Phys. Rev. Lett 67 3294 (1991). -

3. D. T Pierce, R.J. Celotta, G.C. Wang, W.N. Unertl, A. Galejs, C. E
Kuyatt, and S.R. Mielczarek, Rev. Sci. Instrum. 51 478 (1980)
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EXPERIMENTAL STUDY ON THE TIME RESOLUTION OF
NEGATIVE ELECTRON AFFINITY GaAs

A.V.Aleksandrovl), R.Calabrese?), G.Ciullo3), N.S.Dikansky!)
V.Guidi?), G.Lamanna%), P.Lenisa3), P.V.LogachovD),
A.V.Novokhatsky!), L.Tecchio®), and B.Yang3

1) Institute for Nuclear Physics, Novosibirsk, Russia

2) Dipartimento di Fisica dell'Universita and INFN, 1-44100

Ferrara, Italy.
3) Laboratori Nazionali di Legnaro, 1-35020 Legnaro, Italy

4) Dipartimento di Fisica dell'Universita di Bari and INFN,
I-70125 Bari, Italy

5) Dipartimento di Fisica Sperimentale dell'Universita and

INFN, 1-10125 Torino, Italy.

Abstract

We describe our results relative to a study on the time
resolution of GaAs. We measured an upper limit of 200 ps for
this parameter. We demonstrated the possibility to produce
high-density electron bunches in the picoseconds region using

GaAs as photoemitter.
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Introduction

GaAs is a good candidate as photoemitter in a RF-gun for
production of high-intensity spin-polarized electron bunches.
The design of such RF-gun requires the knowledge of the
frequency of the accelerating cavity; this should be much longer
than the duration of photoemitted electron bunches. Thus, the
knowledge of the intrinsic time resolution of GaAs turns out to
be of great relevance. An investigation over this parameter is

the aim of the present work.

Experimental set-up

The GaAs cathode (p-doped by Zn, 10!9 cm-3) is prepared in
NEA condition by depositing Cs and Oz at its surface with
standard procedure [1]. Once activation has been accomplished,
the cathode is fastened to the DC-gun through manipulator. This
allows to carry out activation in a separate chamber and bypass
all the problems connected with sparking due to high-voltage.
The cathode is negatively biased with a voltage ranging within
0-50 kV. At 50 kV, the DC-gun is limited by space-charge at 3 A
cw current. Fig. 1 illustrates a layout of the experimental
apparétus.

Photoemission is excited by three lasers: a cw 75 mW Ar+
for activation, a frequency doubled Nd:YAG (532 nm),
producing pulses 15 ns long, and a 1.5 ml/pulse Nd:YLF (535

nm) with 10 Hz repetition rate. The first pulsed laser is useful
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for calibration of the diagnostic system as it will result clear
later on. The Nd:YLF is the laser used for investigating the time
resolution (tGaas) of GaAs. Fig. 2 shows the temporal profile of a
typical laser shot: it is 98 ns wide at FWHM. This nominal
parameter is not useful for characterizing the time-of-extraction
of electrons from GaAs. This owes to the saturation imposed by
space-charge which makes the tails of the laser profile to be
important. Thus, the interval tp, corresponding to 10% of the
top-height was referred to as temporal length of the laser pulse;

we measured 1p=(188110) ps

Diagnostics

The first diagnostic tool is a wall-current monitor, the
resolution of which is estimated to be approximately 500 ps.
This kind of diagnostics provides only preliminary results, not
being much accurate. Fig. 3 shows a current pulse recorded by
this device and displayed through a 8 GHz bandwidth
oscilloscope. The width at half maximum of this pattern turns
out to be 430 ps, indicating that TGaas might be lower than the
results of some theoretical predictions [2].

Our most accurate diagnostics device is a combination of
a RF-cavity and a "2rn-detector”. The RF-cavity operates in TM210
mode with two power inputs, geometrically shifted by =/2 rad in
angle (Fig. 4a) and supplied by a magnetron. Figs. 4b,c display
the patterns of electric and magnetic fields in the cavity relative

to the two power inputs. When the electron beam and the cavity
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are coaxial, no action of the electric field is exerted on
electrons. The two magnetic fields are shifted by =n/2 in time and
equally strong in amplitude; their vector composition results in
a magnetic field, constant in modulus, rotating at the frequency
of the cavity (v=2.465 GHz). This magnetic field imparts the
incoming electrons a transverse kick whose direction depends
on the time at which a single electron enters the cavity. As a
result, the trace of electrons over a cross section orthogonal to
the beam axis would be an arc of a circle, provided the bunch
length be lower than one cycle of the RF-cavity (400 ps). The
"2n-detector” is a series of 30 molybdenum sectors
perpendicular to the axis with a hole inside; each sector acts as
a Faraday cage to collect the electrons of the bunch. Looking at
the number of sectors excited one can assess the duration of the
bunch. The maximum resolution of this instrument is
400/30=13.5 ps. Electronic .~ noise limits the maximum
measurable charge to 106 electrons, collected by all sectors.
Alternatively to the "2xn-detector”, there is a
phosphorescent screen which gives a lively image of what would
have been the distribution of electrons on the sectors. This
device is only a qualitative check but helps much in the initial

setting-up of the device.

Results

Fig.5 shows the response of the detector when the beam,

accelerated to 32 kV with the cavity switched off, passes
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through the central hole of the detector and therefore ho sector
is excited. The Nd:YAG laser is used for this measurement.
External coils allow to drive the beam in the X-Y plane,
perpendicular to the beam axis. In this way, the beam can be
centered in the detector. We now switch on the RF-cavity then
observing a pattern with an homogeneous number of counting
for each sector (Fig. 6). This is not the case when the beam is
not centered. Fig. 7 illustrates the response of the detector when
a kick is imparted rightward by external coils.

With the cavity off, we move the beam leftward (Fig. 8):
we see that, at 45 kV, three channels are excited (equivalent to
approximately 40 ps); this is the resolution of the device.

Fig. 9 shows that, at 45 kV, 16 channels are exciicd; after
deconvolution with the resolution of the apparatus, the duration
of the electron bunch is tg=(200+20) ps. The 15-th channel got
broken during the carrying out of experiment and therefore its
response is always zero. We repeated the measurement at 40 kV
observing 17 channels excited, equivalent to tp=(210120) ps.
Fig. 10 is the result of a measurement at 30 kV: a large
broadening is recorded due to space-charge. We calculated that,
at 45 kV, the lengthening provided by space-charge to an
arbitrarily short pulse is about 150 ps. As a consequence, an
improvement of the system's performance can be achieved both
by raising up the voltage to 100 kV and shortening the laser
pulse.

Tab. 1 summarizes the experimental values of bunch

duration versus voltage. Although we were limited by space-
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charge we produced 4 109 electrons/pulse at 45 kV with a
lifetime of 3 days.
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Discussion

On the strength of the experimental evidences recorded through
this work, GaAs seems to be very rapid. We provide an upper
limit for the response time of GaAs, measured to be lower than
200 ps. This result is very promising for future developments of

GaAs photocathodes in the picosecond range.

Table 1
Voltage (kV) 18 (ps)
45 20020
40 210120
30 2400

References
[1] D.T.Pierce, R.J.Celotta, G.-C.Wang, W.N.Unertl, A.Galejs,
C.E.Kuyatt and S.R.Mielczarek; Rev. Sci. Instrum. 51
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[2] R.L. Bell, Negative Electron Devices, }(Clarendon Press,
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Fig.1

Fig.2

Fig.3

Fig.4

Fig.5

Fig.6

Fig.7

Fig.8

Figure captions

Layout of the experimental apparatus.

Temporal profile of a laser bunch.

Current pulse recorded by a wall-current monitor.

a) sketch of the cavity with two power inputs;

b) electric and magnetic fields in the cavity due to the
first power input;

c) the same as b relative to the second input.

Pattern recorded by the "2m-detector” with the cavity off;
the voltage is set at 32 kV and the Nd:YAG laser is used.

Same parameters as figure 4 but the cavity is switched
on. The circular scanning is the result of the magnetic

field in the cavity.

Response of the detector when a kick is imparted

rightward by external coils. The cavity is switched on.
With the cavity on, the beam is kicked leftward. The

number of sectors excited determines the resolution of

the device (about 40 ps). Here the voltage is 45 kV.
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Fig.9 Response, at 45 kV, of excitation by Nd:YLF laser. When
the resolution of the device is accounted for, the

duration of the electron bunch is tp=(200120) ps.

Fig.10 The same as figure 9 but with 30 kV voltage; it appears

clear from the figure the broadening due to space-charge.

94



HV input

S6

‘ RF cavity Wall-current
Photocathode - monitor
N /%
K - ﬁ/ e
L I : g Laser beam
! ‘ —
YA -F \ E E q“\‘g N N
IT s s ¥
N ire
ezl = \ monitor
DC gun \fil"' input
Activation ‘ i —
O chamber O

I P L P
Figure 1




1

FWHM

98 ps
10% 1 =(188+10) ps
—Jﬂ '\
Figure 2
TEK Running: Average
——+ +—1 .|
T 1 ¥ L}l o ] L} B R
1 430ps
©: 1.81ins
I 3 T on1 +widtn
? 442ps
L "'z‘. Unstable
o histogram
N
£°:,
I ro.
i s
] .-1&
! 1k
] 1s
! :
i ,‘ -
RN 4 T
et e XS Gaa Ve gl
¥ o 4
1 1 1 g 1 ) i 1 1
Chil 20.0my M 300ps/d =1.500ms ST_V
Figure 3

96



RF-power . . RF-power

a)
- TMa210 . o
8 B'
b) ’ )
Figure 4
Measu-ement aumber 66 SP7 ;1993 - T Numterin file: 433
Neise reduetion IN .90 301
§Pv stecus word » 74
il
235.00 RE (QFF 7
192.00
128.00
ga.0it (]
"”g : ¢ § 12 Y] 18 2 24 27
-64.00¢ :
-128.00¢4
~192.00¢
-235.00¢4
-320.00¢
B Number of efectorns per puls < 1484258 . N

Figure 5

97



Nolse reductisn ON 1:95:82
P sleles word » 4
T
236.00¢ RF ON
192.00¢
128.00¢ 1
84.00¢ .
B.08 ] H ' " 1'0'.- M ) |
~$4.00¢ " :
-128.00¢ : . )
-192.004 : '
-250.004 ‘ ) ’ 4
-320.00¢
Numberof elettoms perpuls: 50131248 X N
Figure 6
Measuremeat number: ) 307 /1993 i Nurr;berir\ﬁlé: 44
Nclse reduction ON 1:6:0
8PM stelus word - 74 301
T
236.00¢
192.00¢ 7
126.00¢

64.00
0.00
-$4.00
~128.00

-192.00¢

-236.00
-320.00

Messurement amber: 19 0 113 - " Numberinfile: 437

_Number of eleclome perpuls:  N15629 . .

Figure 7

98



Measuremeat sumber: 176 /71993 Number in file : ¢4
. |Notse reduction OM 0 5% 2 .
’ IPM stetue word - 330
Her
322.67¢
245.75¢
1€3.83¢ .
81.92¢
0.00 e 3 .
-81.91¢
-163.03}
-248.75%
-327.071
-409.99%
Number of electorns perpuls: 172500040
Figure 8
Messurement aumbers 11 170 /1993 ) " Numberinfile: 135
Nalse reduction DN 1:8:27
WM stetuo word - 330
Bir
183.93¢
1a2.81¢
$1.91¢1
40.06+
009, 1" 21 2 27
-40.95¢
-$1.91¢
-122.07¢
-183.83¢
-204.204
Number of elecloms perpule: 136300008 .
Figure 9

99




Measurement saunder;s 1S 120 71943 M " Numberinfile: 163

Nolse reducilen ON 1:35:2¢6 ‘
P eletus word ~ 4
i) -

TTRI1
831.89
3s0.50}
120.99

0.00

- n.u‘

35035}

T ST.8

-ne.mwt

-893.09¢

A

n

Number of electorns perpuls: 69800000

Figure 10

100



Lowell Klaisner
SLAC

Polarized Electron Source for the Stanford Linear
Collider

The Stanford Linear Collider (SLC) requires two short (2 nSec), high current (6 A) pulses at
a 120 Hz repetition rate. During the 1993 run, the experiment on the machine measured AL R

in Z° production. The statistics for this experiment are proportional to L*p2 where L is the
luminosity and p the polarization. This places a high premium on high polarization.

The operation of the polarized electron source in 1993 was a complete success. All of the
expectations were met. The electron polarization at the cathode was 80%, the charge was
achieved reliability; the time between cesiations was many days; and the system operated,
unattended, with high availability. This high performance was achieved with integration into
the SLC control system, careful attention to high vacuum, and the addition of a load-lock
system which isolated the photocathode from the bakeout and high voltage processing of the
gun.
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SLC Requirements

Energy 120 KeV

Charge 6X1010 e-/ pulse

Current jitter ~1% RMS
Pulses 2

Spacing 61 nsec

Pulse Length 2 nsec FWHM
Repitition Rate 120 Hz
Timing jitter <50 psec RMS
Polarization at experiment >40%

Position stability
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SLAC Polarized Source
Strained GaAs
Photocathode

Layer Structure

GaAs substrate, {100},
635 microns thick _/ -

Buffer layer, 250 nm. GaAs

GaAs(1-x)P(x)
Graded x=0->0.24, 2.5 um

GaAs(1-x)P(x), x=0.24, 2.5 um.

Active Iéyer, GaAs,

300 nm., P doped 5E18/cc
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Polarization

Cathode

Strained GaAs on GaAsP
300 nm strained layer
865 nm laser wavelength

Polarization

In Laboratory - Mott Polarimeter ~80%
At end of linac - Mgller Polarimeter ~75%
At interaction point - Compton Polarimeter ~62%

104



01

685.500 ns

688.000 ns

690.500 ns

™

\

1 N
/ M‘
’ 1 Tt g v N oy
Ch. 1 25.00 mvVolts/div Offse = 85,00 mvVolts
Timebase Delay = 688.000 ns
Start 747 .675 ns = 747.742 .ns Delta = 66.6 ps



901

134.500 ns 137.000 ns 139.500 ns

T . P

S 7
\ -

ch. 1 = 995.2 mVolts/div Offset = -2,722 Volts
Delay = 137.000 ns

Timebase = 500 ps/div

GUN



1993 SLC Run
Polarized Electron Source
Unavailable for HE Physics
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Lifetime / Cycletime and Operations

As quantum efficiency decreases, a feedback system increases the laser
spot size to maintain beam current. After a few day's spot size growth, the
photocathode is recesiated (~20 min. process) and the cycle begins again.

The YAG laser flashlamps age and need to be replaced every few weeks.

Photocathode Quantum Efficiency
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SLAC Polarized Electron Gun

Insulating Gas Beam Direction
e
Platform in typical position Cathode (with
(start of puck removal) o puck holder)
—

(A8

-

Cathode tray
(with linear drive i
mechanism)

Cathode transfer system
(fork & linear drive mechanism)




Vacuum System

Gun
120 £/s Ion Pump

200 ¢/s Non-Evaporative Getter (NEG) Pump
SAES Model 200

Load-Lock
20 ¢/s Ion Pump (Fiber Optically isolated
power supply)
50 /s NEG Pump, SAES Model 50

Vacuum Isolation Volume
220 ¢/s Ion Pump
500 ¢/s NEG Pump, SAES Model 500

Residual Gas Analyser on Gun
8X10712 torr total pressure
2X10712 torr CO pressure
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Beam Position
Monitor

To Bake Pump

Straight-through
|melams w

Solenoidal Lens
and Bucking Coil

Photo Cathode
Gun

Helmhottz Coils

Magnetic Mirror
Plate

$01
SXSA1
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Ultra High Vacuum Processes

Chemically Clean
Bake in Vacuum 300°C to 600°C
- Assemble in class 100 clean room

Bake complete assembly 100 hrs. @ 250°C
(Process NEG pump)

Heat Clean and process cathodes in
Load-Lock system
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Electrical Parameters

Voltage 120 kV
Charge per pulse 10 nC typical
Peak current 5 A typical
Energy per pulse 1.2 m]
Energy stored within 30 cm 144 m]
Voltage droop ~2%

Natural frequency ~50 MHz

Leakage current 50 nA maximum
25 nA typical

Gradient on photocathode 225MV/m

Maximum gradient on
cathode electrode

a) Hand polish electodes
b) High voltage process to 180 kV
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1)

Cesiation

Measure QE @ 830 nm
Ramp HV down to 1 kV
Cesiator at 3 A to outgass
Cesiator at 4 A to cesiate
Ramp HV back to 120 kV
Measure QE @ 830 nm

Typically takes 20 minutes.

Typically over cesiate by 5%.
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LASER SPECIFICATIONS

Operating wavelength
Pulse enérgy at cathode
Pulse length

Timing jitter

Pulse Structure
Repetition rate

Energy stability
Pointing stability
Reliability

System lifetime
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760-870 nm

>50 1) -

2.0ns

<50 ps RMS

2 pulses, 61 ns apart
120 Hz

<3% RMs

<5 uR RMS

>95% uptime
>10,000 hours
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Ti:sapphire laser system for the SLAC polarized source

Pockels cell:
Equalizes polarizations
and intensities

Output
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Combines Beams

Wave Plate:
Rotates Polarization



Future Plans

Increase aperture
14 mm to 20 mm

Decrease active layer thickness
300 nm to 100 nm

Add long pulse laser
Flash lamp pumped Ti:Sapphire

Add cells to cesiator
2 cells to 4 cells

Add Mott polarimeter to test beam line
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Georges Lampel
PMC Ecole Polytechnique

Energy and Spin Analysis of Photo-electrons from
Layered Semiconductor Structures

122



ENERGY AND SPIN ANALYSIS OF PHOTO-
ELECTRONS FROM LAYERED SEMICONDUCTOR
STRUCTURES

Laboratoire P.M.C. - Ecole Polytechnique — Palaiseau, France

H.-J. DROUHIN
T.H. GENTNER
C. HERMANN
- G. LAMPEL
Y. LASSALLY
D. PAGET
J. PERETN
e Introduction
» AlGaAs / GaAs superlattices
— mainly: energy analysis
» GaAs layer on Si substrate

- — mainly: spin analysis
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INTENSITY (arb. units)
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\ T =120K
. I(
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|
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SPECTRAL RESPONSE Y(hv) (A.U))
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Robin Mair
SLAC

The Characterization of Strained-Layer GaAs
Photocathodes Using Photoluminescence

Photoluminescence has been used to characterize the quality of strained epitaxial GaAs
photocathodes. The observed location of the photoluminescence peak from the strained
GaA:s epitaxial layer relative to unstrained GaAs directly determines the epitaxial layer strain.
The splitting of the heavy-hole and light-hole valence bands may then be determined from
the measured strain. The quality of the strain may be assessed from the observed location of
the photoluminescence peak from the GaAsP buffer layer since this measurement may be
sued to determine the P fraction and thus the lattice mismatch grown into the structure.
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The Characterization of Strained-Layer
GaAs Photocathodes Using Photoluminescence

Robin Mair U. Wisconsin-Madison / SLAC

E.L. Garwin SLAC
T. Maruyama SLAC
R. Prepost U. Wisconsin

140



SLAC Strained Layer Photocathode Structure

All layers Zn doped at approximately 5x10*cm™>

Substrate: GaAs

] Graded Layer: GaAs_)P, = from 0toz, (2.5um)
/) Buffer Layer: 'GaAs(l_zo)on z,=.20—.30 (2.5um)
Active Layer: Strained GaAs (.1 - .3um)

All samples grown by the SPIRE Corporation, using MOCVD
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Photoluminescence Setup

Spectrom. /detector

sample \

lin. pol

T
lin. pol A

cryostat

=1
1 ens D

mirror

A-D = various pump lasers

Spectrometer: 320mm focal length, single grating (600groove/mm)
Detector: microchannel plate - intensified diode array

e wavelength calibrated with Ne lamp line spectrum

e spectral response calibrated with a Tungston ribbon lamp

Samples can be mounted in cryostat or on an external mount
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PL INTENSITY (arb. unlis)

Observing PL from Strained Epilayers

Photoluminescence efficiency from strained epilayers is very low.

(T=17k)

10¢ 1 1
0-01 i/{,/ =
p A
/
A
R S
/{I
000ty * -
1 L1
100 500 1000 5000 10000

LAYER THICKNESS (A)

Plot from  Joyce et al,

JAP 65 p.1377 (1989)

Samples of In 17Ga g3As grown

on GaAs, capped with GaAs,

Shows decreasing PL intensity from a
strained layer with increasing layer

thickness.

Solid line = exciton PL

dashed line = broad band PL feature
(dislocation related??)
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COUNTS

Must pump sample with a source such that E, is larger than the
buffer layer bandgap. This prevents excitation of GaAs Substrate.

3000. 00

2500. 00

2000. 00

1500. 00

1000. 00

50C. 00

0.00

Sample: M05-1534  t=.1pum , buffer= 28% P

llll.lJlllljlllllllllllllll)ll

‘vee Substrwte PL
pump=749nm, .5mW

E-y < EGaAsP Y

"See epi leyer L
pump=633nm, .5mW

Ey2EGiase ™S e Mag.=10x

| 1 | L
785.7 809.5 B833.3 857.1 881.0

NANOMETERS

1
904. 8

It is sometimes possible to enhance the PL efficiency of the epi-
layer by passifying the surface.

e.g.

p.2022 (1987))

o We have seen enhancements of ~3x on a .3um strained layer.

1 Molar NayS<0H,0 application (Skromme et al, APL 51

This, however, is not sufficient to overcome unwanted substrate

contribution to the PL.
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Plotting epilayer PL peak energies vs measured strain

Biaxial strain in GaAs breaks the degeneracy of uppermost va-
lence bands. This is critical to the degree of electron polarization
obtainable from the photocathode. The net shift of each valence
band relative to the conduction band can be expressed as a function
of strain (¢)), elastic compliance coefficients (c11,¢€12), and deforma-
tion potentials (a,b) of GaAs. Photoluminescence can measure this
shift in bandgap. For a biaxial compressive strain, the bandgap shift
is determined by

§Epy = [—20(=02) 4 plentlonlle = (_7.43¢V)¢

€11

Strain measurements - made by X-ray diffraction
e 004 Bragg reflection using Cu-k, line

o 6 /20 scans

o this geometry gives a; only. a;= (2612) L

e strain = (au - arelaz)/ (arelaz)

PL measurements
¢ made at room témperature with HeNe (633nm) pump
e peaks were emperically fit with Log-Normal curves

e average of three spectra used for each sample

145



X-ray diffraction curve sample M05-1534 t=.1pm, buffer= 28% P

COUNTS/SEC rGohAs ‘P
ieet4 substrare  GLAs
3 | Buffer
- ! Leyef
e |
|
- strained /
:000-55 epi la);zr /
W Nﬂfr{
10-5/.{.'1\\,
e T T hatante o T T VT sec. Q\Sh
21560 <100 -500 0 500 1000 1500 2000

PL peak with fit sample M05-1534

2000

Counts (a.u.)

1500 1450 1400
Energy (eV)
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A

PL Peak

PL peak energy (eV)

Energy vs Measured Strain (X-ray)

1470 1 ] 1 1 I ¥ I [ T

1.465

1.460

1.455

1.450

‘ i | I ! | | I 1 | | | I

1.445

sf;rain calculated

Linear LeoSt cquore

from X-ray (x10-3)
EFL. = L.LH"‘? eV - 7.5 3 eV
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Max. Pclarization (%)

Max. Polarization vs. Gap Energy Shift
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Buffer layer Photoluminescence

Buffer layer (GaAs(1_.)P.) PL peak position is related to the phos-
phorus content. The lattice mismatch, necessary for incorporating
strain into the epilayer, is also related to phosphorus content.

Bandgap of GaAs(;_,)P: as a function of z:

*
E(z) = 1.404eV + 1.150eV (z) + .176eV (z?)

*use measured PL energy of GaAs substrate rather than the in-
trinsic (1.424eV)

PL measured

Phosphorus content

#1 231%
#2  23.0%
#3  23.6%
#4  23.0%
#7  232%

The data shows good uniformity in the phosphorus fraction of the
buffer layer across the wafer.
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Recent PL work - Etching Samples

Would like to be able to pump samples near band edge
e to allow asymmetry measurements as function of Apymp

e to perform spin relaxation experiments (Hanle effect)
Must eliminate substrate PL contribution

Etch Substrate away from a portion of the sample
e used 8:1:1 H30,(30%):H,S04:H,0
e sample waxed face down to microscope slide
e etch resistant lacquer covers all but ~1mm hole
e periodically stop etch, check hole depth

e slower etch - 1(20NH,OH:7TH,0,):500H,0 - when nearing
buffer layer | :

e periodic check of substrate PL intensity

e when PL vanishes, etch complete

-<— Substrate

. \/ Graded Layer

/Y,
AT ISR RN Buffer Layer
Strained epilayer
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Epilayer PL from etched samples

Room Temp

Sample PL peak (nm)
Nonthin Thin
M05-1684 (t=.3um) 863.5 864.5
M05-1683 (t=.2um) 851.0 857.5
M05-2412 (t=.1pm) 846.0 852.0

Liq Ny Temp ( 78K)

Sample PL peak (nm)

Nonthin Thin
M05-1684 (t=.3um) 827.0 825.5
M05-1683 (t=.2um) 813.5 814.5
M05-2412 (t=.1pm) — 808

At room temperature, PL peak positions imply some strain lost

Relative intens.
(thin)/(nonthin)
~1.3
~2.6"
~3.6

Relative intens.
(thin)/(nonthin)
~2.5
~8.0
>10

in the thinned region of samples (less than 25% relaxation)

At 78K, PL peak positions do not show relaxation in the thinned

region of samples

See an Enhancement in the PL intensity from the thinned region
of the samples as compared with non-thinned. The effect is much

more pronounced at low temperature.
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Asymmetry measurements with etched samples

Asymmetry: A= %:—:%%_—‘3 (pumping o4)

The asymmetry in circularly polarized photoluminescence is di-
rectly related to the electron polarization in the conduction band.

A=P, xHxR

H = hole coupling factor
R = spin relaxation term '(?T-%;?)'

Asymm. measurements on etched samples

e 633nm pump =.5mW (o, excitation), T = 78K
e raw asymm. good t0<1% absolute. (systematic)

e not corrected for <100% pump pol. (~5% correction)

Sample Asymmetry Asymmetry.
(thinned) (nonthinned)
MO05-1684 5.4% 11.5%
M05-1683 2.6% 14.6%
MO05-2412 1.9% 6.2%

Can lower asymmetry in thinned sample regions be due to longer
minority carrier lifetimes?

Efficiency o Z i R = 5
eCYy o ok Spin relax. R = —

if 7, 1, theneffic. } andR{ (lower asymm)
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Counts(a.u)

10000 - T = 1351{ (D

5000 -

Sample: M05-1683 t=.2um , buffer= 24% P

HeNe pump 1) Thinned region

2) Move .020in. on sample
(still thinned region)

3) Nonthinned region

SubSt+ fate
¥

800 850
" Wavelength (nm)

1) Amaz = 2.5%

2) Amaz = 7.0%

3) Amaz = 16-9%

' WMM"MML

800 850
Wavelength (nm)
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St

This plot clearly shows recombination to split levels with opposite < helicities.

" Sample: M05-1684  t=.3um , buffer=23% P (Non+hinned Rec&;m)
T =10.6K  Hene Pump (o)

- ¥ ‘heavy hole’
6000.00 -] ;937
5000.00 — Higght bole” —
N m.= '/g.
) 3
4000. 00 § Substrate
i
¥ 3000.00
= i
= -
Q -
o 4
2000.00
i
1000. 00 -]
]
0.00 B T U | | 1
7857 789.5 | 813.3 837. 2 861.0  884.8
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Conclusions

Strained layer photocathode quality can be characterized with
fairly simple PL measurements.

e measurement of epilayer strain
e measurement of buffer layer phosphorus concentration
e both measurements are very quickly made (minutes).

e suitable for mapping of samples or entire wafers.

Photocathodes have been etched (substrate) to allow pumping
with wavelengths appropriate for large conduction band electron spin
polarization.

e appears that epilayer strain is preserved to a high degree
e a very interesting increase in the PL efficiency appears

o this phenomena is not fully understood
e a decrease in measured asymmetry also appears

e simply related to increased efficiency through

a change in electron lifetime ??
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Addendum

Since the time of the workshop, we have identified the source of
PL enhancement and asymmetry degradation in our thinned samples.

Normally, in a nonthinned sample, only ~2% of the internally gen-
erated PL escapes through the sample surface. The remaining 98%
is travelling backwards or reflected backwards and is absorbed in the
GaAs substrate. In the thinned samples, the substrate is replaced
by an air interface. PL photons are not absorbed, but experience
total internal reflection (TIR) until they escape out either surface
or are absorbed in the buffer/epilayer. It is important to note that
TIR photons have opportunities to escape due to surface roughness
and nonparallel surfaces. It is also important to note that the re-
flected photons experience phase shifts which destroy their average
polarization.

The enhancement effect (and corresponding asymm. degradation)
was successfully suppressed by applying a graphite based coating
(DAG) to the backside of a sample’s thinned region. This coating
effectively prevented TIR and also absorbed PL photons. Unlike the
substrate, however, this coating does not produce a large unwanted
PL contribution in the vicinity of the strained layer PL.
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Yuri Mamaev
Division of Experimental Physics, St. Petersburg
Technical University
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Spin-polarized photoemission from InGaAs, AlGalnAs, GaAs and GaAsP
strained layers *

Yu A. Mamaev?Z, J.C. Groblil, B.S. Yavich3 , Yu. P. Yashin3, F. Meierl,
A.V. Subashiev 2,

N.N. Faleev3, M.S. Galaktionov2, D. Guariscol
LV. Kochnev3, S.A. Starovoitov2, A. Vaterlausl

E. Reichert4, S. Pliitzer4

1- Laboratorium fiir Festkorperphysik, ETH Honggerberg,
CH-8093 Ziirich, Switzerland

2- Division of Experimental Physics, St. Petersburg Technical University,
195251 St. Petersburg, Russia

3- Ioffe Physicotechnical Institute, Russian Academy of Sciences,
194021 St. Petersburg, Russia

4- Institut fiir Physik, Universitit, Mainz, Postfach 3988, D-6500
Mainz1, Germany

An experimental study of the polarization and quantum yield as a function of
layer thickness and temperature was performed for different MOCVD-grown
heterostructures. With the systems investigated so far we measured a
polarization P up to 80% with Ing.15Ga0.85AS/GaAs and 70% with
GaAs/GaAs(0.8P0.2. We further report first results with
(A10.3Ga(.7)0.85In0.15As/ A10,7Gag 3As (P=74%, Y=2.10-4 at hv=1.52 eV)
and GaAs(.9P0.1/GaAs(.65P0.35 (P=72%, Y=6.10-3 at hv = 1.58 eV, layer
thickness 7OOA) at room temperature. Because A10.7Gag.3As has an indirect
energy gap its contribution to the photocurrent is negligible even for photon
energies far from photothreshold. By varying the amount of Al and/or In in
the overlayer it is possible to influence both the energy gap and the internal
strain and to investigate the photoelectric yield and the spin polarization of
the electrons emitted exclusively from the overlayer. The compounds with
phosphorus seem to be good candidates for practical photoemitters of
polarized electrons. Theoretical studies and experimental results on p- or n-
doped substrates showed that the yield from the overlayer strongly depends
on the recombination rate at the interface and on the values of the band
offsets AEc and AEy in the heterojunction.

* This work is supported in part by the Russian National Foundation
Research, Grant N 93-02-15264
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Takashi Maruyama
SLAC

High Polarization Photocathode R&D at SLAC

174



High Polaﬂzatlon Photocathode R&D

Collaborators:

at SLAC

Takashi Maruyama (SLAC)

E. Garwin (SLAC)

T. Maruyama (SLAC)
R. Prepost (Wisconsin)
G. Zapalac (Wisconsin)
R. Mair (Wisconsin)
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OUTLINE
o Cathode materials for high polarization
e Brief summary of chalcopyrite and superiattice work
¢ Strained materials
1) Strained InGaAs
2) Strained GaAs

Summary
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United States Patent 9 un 3,968,376

Pierce et al. _ tesi  July 6, 1976
{$4) SOURCE OF SPIN POLARIZED (58] Field of Search ... 2507996, 493, 225, 310,
ELECTRONS 250/526; 313/94

{76] Inventors: Daniel Thornten Piecre, 10120 ‘

Little Pond Place, Gaithersburg. (s6) References Clted

- Md.; F;ﬁ:;:l:&‘ . UNITED STATES PATENTS
Bulll: asts a' ristoph EI dot'b ¢ z;l'kh' 3472992 (WI1972 Schedler 313/94
rstwiesenstrasse, Greifensee,

Zurich, both of Switzerland e e o
§22] Filed: June 3, 1978
{21) Appl. No.: 581,837 (57) ABSTRACT

The invention concerns 8 method of producing intense
beams of polarized free electrons in which s semicon-

(30]  Foreign Application Priorkty Data ductor with 8 spin orbit split valence band and nega-
Jon. 13,1975 Switzertand 39115 tive electron affinity is used as » photocathode and ir-

152) US.QL 250/493; 31394 "eied with circularly, polarized Rght.
{51) It Q1t................. G2IG 400; HO1J 39/00 9 Clalsns, 4 Drawing Figures

Only a 30% electron polarization is attained by uury 8. A source of spin polarized electrons as in clsim §,
GaAs because the heavy and light hole bands are de- wherein the degencracy beiween the heavy and light
generate at the I point. This degeneracy is lificd a hands st ing i i Lstructyre is
s00n as the cubic crystal nmcwrendmonedbyw;;, )

hanicall 9. A source of spin polarized electrons as in claim 1

” < " dSiAs. show no de‘ener.cy comprising s semiconductor of thechalcopyrite tvpe as
at point. Even Nl”ﬂ electron polarization can photocathade, said semiconductor having no degener-
b stisined under theae circumsiances. acy of the heavy and light hole bands at the T puint.

d

which can be
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e Chalcopyrites
Collaborated with C. Sinclair (CEBAF)
Samples grown by MOCVD at Research Triangle Institute

Samples:
ZnGeAs2
ZnGe(As1.yPy)2
Zn(Gel-xSlx)A_SZ
Results:

"l)QEsnr’lnthewavdengthteglonwherehlghpolaﬁutionis
. expected.

2) QE vs. A => NEA surface is questionable

3) No polarization measurements

e Superiattice
Collaborated with S. Smith/J. Walker (UC-Berkeley)

Samples grown by MBE at UC-Berkeley

(GaAs)7-(AlAs))
(GaAs)2-(AlAs)1
(GaAs)1-(AlAs)1
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Valence Band Splitting of Strained GaAs

GaAs I compression GaAs in tension
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Plerce and Celotta in "Optical Orientation,” P. 270:
(1ss4a)

A possible exception to this is when the stress results naturally
in the epitaxial growth of a GaAs layer on a substrate for which there
is a lattice mismatch. There is a resulting compression or expansion
of the GaAs lattice constants parallel to the interface and a
corresponding expansion or compression of the lattice perpendicular
to the interface, leading to a tensil or sompressive uniaxial strain
sespectively. Strained layers with a mismatch of 1.5 to 2.5% can be

grown with thicknesses up to 3 few hundred Angstroms.
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- Stvained InGaAs Grown on GaAs |
Lat‘t‘\ce.- mismatched Hetero structuve
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Low Energy Polarized Electron Source Test Facilities at SLAC

Gregory A. Mulhollan
Accelerator Department
Stanford Linear Accelerator Center

Abstract

A key part of accelerator operations at the Stanford Linear Accelerator Center (SLAC) is the polarized
electron source, the heart of which is the photoemitting cathode. A recently constructed cathode test
facility intended for characterizing candidate photocathode materials is described. Essential features
include the capability to monitor the electron spin—polarization and rapid sample turnaround. Preliminary
results include the effects of low temperature activations and the measurement of the electron
spin—polarization from thin, strained GaAs.

Introduction

The low energy polarized electron source test facilities at SLAC are intended to provide information on
the performance of photocathodes both as simple photoemitters and as sources of polarized electrons. A
simple photoemitter is characterized by its effective quantum efficiency, QEg:, and by its usable lifetime,

herein primarily defined as the e-fold decay time, T. QEg is defined as the ratio of the number of
photoemitted electrons to the number of incident photons. Note that this differs somewhat from the
standard definition of the quantum efficiency. A spin-polarized photoemitter is further characterized by
the degree of polarization of the photoemitted electrons, where the polarization along a given quantization
axis is given by

P_NT"Nl
" N1+ Ny

and N1 and N are the number of electrons with spins parallel and antiparallel to the quantization axis

respectively. Below we shall describe the test facilities, an experiment on the effects of low temperature
activations on QE g, the results of overcesiation on lifetime, preliminary spin-polarization measurements
on thin, strained GaAs and the effects of quantum efficiency on the spin—polarization.

Facility Overview

The test facilities currently consist of two separate ultra-high vacuum (UHV) systems. They will be
referred to henceforth as the old cathode test system (CTS) and the new CTS. The primary difference in
the two is that the new CTS incorporates an electron spin-polarimeter. The old CTS is shown below in
Fig. 1 and the new CTS appears in Fig. 2.

Both systems are comprised of small volume (=10‘cm®) ultra~high vacuum systems pumped by a
combination of ion and non—evaporable getter pumps'. Samples may be transferred into and out of the
test chamber via a turbomolecular pumped, metal seal valved load lock volume. Typical turnaround
times from sample introduction at atmospheric pressure to insertion into the UHV chambers are 4 hours.
Samples are placed in a movable platter immediately after their final chemical preparation. This platter
in turn rides atop a fork attached to a linear translator. After the load lock volume has achieved its target
pressure, the sample, still in its platter, is moved into the test chamber and deposited onto a heating/cooling
station. This tower, in turn, is capable of vertical motion via a bellows coupled linear translator. In the
new CTS, the sample assumes two distinct positions. A lower one for activations and an upper one for
polarization measurements. Sample temperature above 450°C is monitored via an infrared pyrometer’.
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Both systems use diode lasers as light sources for activations and absolute QE g determination. QEg:(A)
measurements are accomplished with bandpass filters and a white light source on the old CTS whilst the
new CTS utilizes a monochromater with its light source. Relative QE measurements and polarization

assays on the new CTS use the monochromized light source (AA = 5nm). The light helicity is controlied
by a linear polarizer/liquid crystal retarder combination®. Each system is equipped with channel cesiators
and leak valves for introduction of O, or NF,. Residual gas pressure is monitored with cold cathode

gauges and quadrupole mass spectrometers. Base pressures are typically better than 1x10™" torr with
hydrogen comprising the main background gas.

Test Chamber

Jon Pump Vertical Drive

Sample Mount

Fig. 1. Old cathode test system. See text for details.

Laser T:
Lars
QTH Light Source  Monochromater

Mirror
| wnr

& d Filter
| = A (
'ﬁ_ ] [T Polarimeter

H =

P .

Ll Load Lock

%, ® I@m__:-:””“m
= i

Test Chamber

Ton Pump Vertical Drive

Sample Mount

Fig. 2. New cathode test system. See text for details.

Polarization measurements in the new CTS are accomplished by the additional presence of an electron
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transport column, a 90° spherical momentum rotator and a Mott type polarimeter. Longitudinally polarized
electrons are extracted from the negatively biased photocathode by the entrance aperture of the transport
column. The electrons are then focused and transported to the entrance aperture of the 90° spherical
deflector. The now transversely polarized electrons are accelerated toward the Mott polarimeter, where
the subsequent scattering asymmetry may be converted into a spin polarization using

1 X-1
P-SEFX'FI

x= ) Ml
NN
N L(NL) and N, R(N;?) are counts into the left and right detectors as acquired with 6*(¢") helicity light and
Sgr is the effective Sherman function of the Mott detector. The Mott detector is a derivative of the Rice
micro-Mott design®. Calibration of this version is quoted to be accurate to 5%°. The Mott polarimeter
on which its calibration is based is accurate to 2%°. For scattering at 20 keV with an energy loss
window of 1000 eV, this polarimeter has Sgr = 0.150.

where

Hi-Lo Activations

The motivation for this series of tests was the possibility of obtaining a higher QE; in a two step
activation process’: First the crystal was activated with Cs and NF, according to ‘normal’ methods after
heat cleaning at 600°C. Next, the crystal was reactivated proceeded f)y a lower temperature heat treatment.
Quantum efficiency was monitored for both activations. The results for a range of second temperature
heat treatments appear below in table 1.

T(°C)|QE1 % |QEH%
420 | 291 | 3.00
475 | 303 | 294
500 | 3.00 | 291
345 | 282 | 275
600 | 2.83 | 2.87

-]
u] &) Wl o] =]
=

Table 1. Quantum efficiency for two activations per trial. The first (QE}) after
heating the crystal to 600°C for one hour, the second (QE, ) with a heat treatment
at the recorded temperature (T) for 45 minutes. The measurements were conducted
with a A = 750 nm laser on a 300 nm thick strained GaAs cathode (see below) in
the old CTS.

As may be readily seen, the overall effect is to increase the QE by only a negligible amount. All
subsequent measurements are for single activations.

Lifetime Dependence on Overcesiation
These experiments were conducted on a Spire® MOCVD grown strained GaAs crystal with a doping

concentration, p = 2x10'%/cm® Zn. The active layer was 300 nm thick. Prior to this set of experiments the
crystal had been activated 13 times. Typically, the NEA surfaces exhibited a lifetime greater than 50

hours with peak QE; = 3.0% at 750 nm. The tests were conducted in the old CTS. The room temperature
QE; was measured at discrete points in time so as to minimize cathode pollution due to photoelectron
induced gas desorption. All cesiations were done during a single activation cycle. The initial data were
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acquired sequentially as the overcesiation value was increased; systematics were addressed by varying
the overcesiation values in a pseudorandom sequence for later data. A schematic of the cesiation and
decay process appears below in Fig. 3

||
1
Time

Fig. 3. Schematic of photocurrent during overcesiation and lifetime measurement.
Qg is the maximal value the photocurrent achieves during the cesiation process.
Qg is the overcesiation photocurrent value. Note the change in time scales
after cesiation.

Due to the complex nature of the temporal dependence of the photocurrent, it is not possible to define a
simple analytic function with which we may associate a characteristic lifetime. Therefore, an effective

lifetime, 1, is taken to be the time at which the Qg has dropped by ¢’ from the peak value, QEFW. This
choice is somewhat arbitrary, but has been chosen as it is closest to the behavior relevant to gun
operations. An example of an alternate lifetime definition that could be used is to reference to the value
of Qg _, since the act of overcesiation may cause the QEr to repeak at a value somewhat lower than its

previous maximum. 7 also has the advantage that it somewhat removes the dependence of the lifetime
on the history of cesiation. This is important since a gradual decrease in QEy was observed over the
span of time during which data was acquired (see Fig. 4). Data will be presented below using exclusively
this lifetime definition.

2.8F | T | 1
2.6 = -
® 24| -
& 22
5 T x T
au » .
20} -
*
18} * X . -
1 1 l | X %
0 2 4 6 8

Cesiation Cycle
Fig. 4. Peak QE; as function of cesiation cycle. Note the gradual decrease in the
value over time. The value at cycle 0 is for the freshly activated surface.
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Lifetimes, as defined in the above section, are presented in graphical form in fig. 5. The general trend is
for T to increase as the overcesiation is increased even though there is some ambiguity as how to arrive

at a value for 7. As the data were not acquired in a continuous mode, we must estimate the lifetime using
a simple exponential function. This is not strictly accurate, since the decay process is best described by
the sum of two exponentials as illustrated in fig. 6. From that figure it can be seen that the short
time—constant exponential dies off well before the QE drops by e . Therefore, our rather crude estimates
for lifetime should not be greatly in error provided that the lifetime size relation is independent of the
overcesiation value. Note that there is some scatter, particularly in the initial measurements. This is a
result of the short time exponential not being fully damped out for those measurements. The estimates

for T that represents the measurement closest to the e value of QE are denoted by an (X) in the figure.

Each value of lifetime as calculated from the measurements appears in fig. 5. The grey line represents
the sequence of data acquisition.

I 1 1 i I 1 1 I
90 = -

Teqy (hrs)

0 s 10 15 20 25 30 35
Excess Cesiation (%)

Fig. 5. Lifetime as function of overcesiation. The different lifetimes are defined
above. Note that two different lifetime regions exist. This is attributable to an
overall drop in cathode performance as a result of a high vacuum background
during the greatest (37.5%) overcesiation.

'3 ) T T T T T T
© QEge
N = double exponestial fit
Sk N oese- exponCOtal | -
Uy + =+ expooential2
- gingle exponential fit

QE (%)

.,
..

0 1 <+ { t 4

0 200 400 600 800 1000 1300
Time (minutes)

Fig. 6. Fit to lifetime decay curve illustrating that the functional form is best

described by QE (t) =QE (0){e¥™ + €} and not by a simple exponential.
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It is apparent that the lifetime, 1, only increases with the addition of more Cs. A limitation of this study
is that no more than a 40% decrease in the peak QEg was possible at room temperature. It is plausible
(and in fact likely) that at LN, temperatures more Cs will adhere to the surface enabling larger values of
overcesiation, and hence larger periods between cesiations to be achieved. Whether this is a truly
desirable result for gun operations remains unknown. The effects of overcesiation on spin—polarization
are likely to be minimal or nonexistent with respect to spin-flipping. The exact degree of influence
depends strongly on the joint density of states (occupied and empty) around the Fermi level. However,
existing data suggest that no depolarization is likely®.

Candidate Cathodes

As stated above, the primary mission of the cathode test facility is to determine the fitness of a particular
cathode material for polarized gun operations. Currently the material of choice is strained GaAs, where

the strain is induced in order to lift the degeneracy of the p,, band at the T" point (see Fig. 7).

.2

Vacwom Level

k

Fig. 7. GaAs band structure in the vicinity of the I" point. Note that the light and
heavy hole bands are degenerate in bulk GaAs. Strain can lift this degeneracy,
enabling polarizations in excess of 50% to be achieved.

GaAs Vacoun

GaAs band structure in vicinity of I" point NEA Surface

The strain is introduced by epitaxial growth of an active layer of GaAs on a layer of GaAs, P,, where x
is adjusted to provide different values of strain'®. Compressive strain causes both a hydrostatic shift
(overall band gap increase) and a separation of the degenerate states. Thus strain may be monitored by
measuring the band gap energy. The schematic structure of these samples appears below in Fig. 8. The
samples start as a low etch-pit density bulk GaAs wafer. Atop this chemically clean and well oriented
substrate is grown a thin buffer layer of GaAs. This insures that a high quality surface is present before
the actual strain layer is begun. Graded GaAsP is grown on the buffer layer with increasing phosphorous
content as the layer thickness increases. This is done to minimize the possibility of strain relaxation and
to insure that crystalline growth is maintained. A layer with the same phosphorous content as the last of
the graded layer is grown in continuance on the graded layer. Finally, the active layer of GaAs is grown
on the relatively thick GaAsP layer. Since the bandgap of GaAsP is greater than that of GaAs , there is

no contribution from the GaAsP layer to the photocurrent at the energy of the band gap of GaAs (=1.43
eV at 300K). Polarizations in excess of 77 % have been measured in the new CTS for crystals in a high
QE_; state. At low QE;, polarizations as high as 80% have been measured.
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Strained GaAs

GaAsP

Graded GaAsP

GaAs Buffer

GaAs Substrate

Fig. 8. General structure of strained GaAs cathodes. Thicknesses are exaggerated.

Preliminary results from various thicknesses of strained GaAs appear below in Fig. 9-11. To date, the
highest polarization measured at maximal QE; (77%) comes from a 100 nm thick 5x10'/cm* Zn doped
sample with x = 0.31. All data were acquired at 300K.

80 ii §§
3 4
0 53! 3
v H

OF o QE=2000E, ;

- QE=150QE,

© QE = 0.44QE, 01
so|- & QE=008QE,

— Q&

s 2 asaasl
(%)°30

Polarization (%)

0.0

%
-5

A (om)

Fig. 9. Polarization as a function of wavelength for various QE g states. Sample is
100 nm thick 5x10'%m?® Zn doped x = 0.31 strained GaAs, Spire M05-2412.

218



3
=

T T T liil—

; L]
: &ﬁx%ﬁmmmﬂ ] iI

Polarization (%)

“r it
!!
r .I!“!l'i! 1
I 3

3 ]
g 'x;!lg

] 1 1
700 750 800 850

A (om)

Fig. 10. Polarization as a function of wavelength for two QEg; states. Sample is
100 nm thick 2x10"/cm® Zn doped x = 0.30 strained GaAs, Spire M05-2663.
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Fig. 11. Comparison of polarization curves for the samples from Figs. 9 and 10

together with data from 50 nm thick strained GaAs ( p = 5x10'%cm?® Zn) for the
highest QE . obtained from each sample.

The overall trend is for higher polarizations to occur when QE_; drops below its maximum value. The

effect is at first strongest at the gap energy where a relative increase of =10% in polarization is seen for
small drops in QE .. While it requires a greater drop in QE g, the effect is eventually larger at the shorter
wavelengths, where increases in polarization of near 50% relative have been seen (see €.g., Fig. 9). The
increase may be attributable to filtering of highly thermalized electrons in the emission process. As the
surface becomes less negative electron affinity (NEA), then the energy of the photoelectrons necessary

219



for emission increases. Fully thermalized electrons have lost too much kinetic energy to be emitted. For
shorter wavelengths the range of energies for emission at high QE ;. is larger than for long wavelengths.
Therefore, the relative changes should be larger for the shorter wavelengths. That the highly thermalized
photoelectrons are less polarized than the hot electrons suggests that a spin-dependent surface barrier is
eith:fr missing or is very weak, i.e., depolarization occurs sub-surface and not at the surface-vacuum
interface.

Conclusions

This paper has outlined the capabilities of the low energy cathode test facilities at SLAC. We have
shown that longer lifetimes may be had by increasing overcesiation, although the effects of high Cs
coverage on polarization are as yet unknown. Strained GaAs is clearly a good choice for high polarization
photocathodes, albeit with somewhat poor quantum efficiencies at the peak polarization. Clearly, when
the highest polarizations are desired, operation at low QE; is necessary.
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Strained GaAs layer
with
a lattice-mismatch heterojunction

: A candidate for a highly spin-polarized electron source
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Dept.of Physics, Negoya Univ., Nagoya-464, Japan

Hiromichi HORINAKA

College of Engineering, Osaka Prefecture Univ., Sakai-591, Japan

Yoshihiro KAMIYA

Toyota Tech. Inst.,Nagoya-468, Japan

Toshihiro KATO and Takashi SAKA
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Strain Dependence of Blarization ( Gonclusion2)
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A new type photocathode for the polarized electron source
with a distributed Bragg reflector

Takashi SAKA *, Toshihiro KATO*, Tsntomu NAKANISHI®,
Nhtsuru TSUBATA' Katsum E[SH.INO Hiromichi HORINAKA ¢
) ~ Yoshihiro KAMIYA®, Shoj OKUMI®, Clnkako TAKAHASHI®,
Yasunori TANIMOTO ¢, Masafumi TAWADA* Kazuaki TOGAWA &,
Hideki AOYAGIY amd Shinsuke NAKAMURA %2

¢ New Madersals Research Laboredomy, Dasdo Steel Co. Lid., Nagoya §57, Jepan
. % Department of Physics, Nagoye University, Nagoya {64, Japar
¢ Department of Electrical & Electrenics Engincering, Sophia Universiiy,
Chiyoda-ks, Tekye 102, Japan
¢ Coliege of Engineering, University of Osake Prefccitrc, Sakasi 593, Japan
¢ Toyota Technical Institute, Nagoye {68, Jepan

Abstract

In order to increase the quantum efficiency of the strained GaAs photocathode for
the highly polarized electron source, we designed a new type photocathode with a
distributed Bragg reflector (DBR). A Fabry-Perot cavity is formed by the DBR and the
GaAs surface. The large eahancement of quantum efficiency was observed at the laser
wavelength which satisfied ¢the condition for the resonant absorption of incident laser
light. From this experiment, it becomes promising to make the photocathode which has
the quantum eficiency move than ~ 1% together with the electron spin polarization
higher than 80%.

Pudliad wa })w.}w‘?«l\*.\h&,zz (\aa3) L1831 -Ligdo,
e it b tbation |

JPreseat addvese : Stanford Linear Acoslerator Center, Stanford, CA, U.S.A.
3Present address : Physikalisches Institute der Univertitit Bonn, Boaa, Genmany
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Daniel Pierce
Electron Physics Group, NIST

Application of the GaAs Polarized Electron Source to
Studies of Surface Magnetism

The GaAs spin polarized electron source grew out of work in the condensed matter physics
where its many applications cause workers in this community to be natural allies of high
energy physicists in the quest for improved performance of spin polarized electron sources.
The exploitation of the features of the GaAs source to investigate magnetic properties of
surfaces using the techniques of spin polarized electron scattering, spin polarized inverse
photoemission, and spin polarized low energy electron microscopy will be discussed.
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Application of the GaAs Polarized Electron
Source to Studies of Surface Magnetism

D. T. Pierce

Electron Physics Group
National Institute of Standards and Technology

Gaithersburg, MD 20899

Supported by the Technology Administration of the
Department of Commerce and the Office of Naval Research
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Outline

This talk will illustrate what we learn about the physics of surface

magnetism using polarized electrons from the GaAs source in:

Spin Polarized Electron Scattering
Elastic
Inelastic

Spin Polarized Inverse Photoemission

Spin Polarized Low Energy Electron Microscopy



Key Features of the GaAs Polarized e Source
Polarization

Polarization Reversability

Intensity

Emittance

Energy Spread

Time Resolution

Reliability
Features are important in different degrees for experiments

which investigate surface magnetism as we shall see

Typical energy range — few eV to few hundred eV

Implies short electron mean free path and surface sensitivity
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What Can Polarized Electron Scattering
Say About Surface Magnetism

Hint'—' V + VSO +21 J(I’-R') Se Sl
\\-- spin of magnetic ion at R,
incident electron spin
exchange coupling constant

spin orbit interaction, eliminated b
scattering geometry or reversing

spin independent Coulomb scattering

Scattering amplitude:
A(K)=(2nm/h?) 3 [V(K) + J(K ) 5 « ;] exp(-iK er))

Agy= ITT-ITL  writing VJ <S>
Mty SV ay2, (1/2)02<87S%>

~ - J(K) M*(T)/gugV(K)

A, proportional to M*(T) in single scattering approximation

Reference:
D.T. Pierce and R.J. Celotta, Adv. in Electronics and Electron

Physics, 56, 219 (1981)
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Polarized Electron Scattering From

Amorphous Ferromagnets

0.04 v v v v IM
s’
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| 4 b a
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0.0 . . A R . . . .
180 w0 o 120 100 80

SCATTERING ANGLE (deg)

Measure: Ag= 1 o
Pocosa 1TT+1T

Comments:

1).Scattering independent of orientation of surface; depends

only on scattering angle.

2) No diffraction and multiple scattering weak In back direction

3) To a good approximation, Agx= M

Reference:

D.T. Pierce, R.J. Celotta, J. Unguris, and H.C. Siegmann, Phys.

Rev. B26, 2566 (1982)
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Temperature Dependence of Magnetization

at Low Temperature

09

M(T)/M(0)

08 -

- ox . 10 1 1 ! !

0 50 100 150 200 250 300 10 098 096 094 092 090 088
TEMPERATURE (K) Mp,(T)/Mp(0)
Comments:
1) M(T)Y/M(0)=1-BT%2 + . . . Theory: Bgyrtace/Bbutk=2; EXp: Bs/Bp>2
. o o o

2) Results explained by extending theory to include 00 O

weaker exchange coupling of surface to bulk, Jyo<d " Oj &,
10

3) B /By, Is sensitive to chemical state of surface

4) Can’t assume surface is a simple termination of the bulk

References:

D.T. Pierce, R.J. Celotta, J. Unguris, and H.C. Siegmann,

Phys. Rev. B26, 2566 (1982)

J. Mathon and S.B. Ahmad, Phys. Rev. B37, 660 (1988)

D. Mauri, D. Scholl, H.C. Siegmann, and E. Kay, Phys. Rev. Lett. 61,
758 (1988)
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Temperature Dependence of Magnetization

Crltical Behavior at Curie Temperature

A“(o/.) { } ” Ni (100)] .
12+
Au Ni (001) -
. =
107 B,20792002
09 * Ex=13eV
} Ex = b6V © =60°
102
0.6 ¢
1_0"
0.3} ‘
- L v
v Thua ¥
o ] 1
08 05 g7, 10
Comments:

1) Much theory, few experiments for critical behavior at surface

2) Agy=M, since as t=(Tg - TWVTg—» 0
magnetic coherence length diverges

3) Aex-t? with B=0.8 for the surface compared to ~1/3 for bulk

References:

S. Alvarado, M. Campagna, and H. Hopster, Phys. Rev. Lett. 48, 51
(1982); S. F. Alvarado, M. Campagna, F. Ciccaccl, and H. Hopster,
J. App!. Phys. 563, 7920 (1982)
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Inelastic Scattering Asymmetry:
Spectrum of Stoner Excitations

Ni BANDSTRUC TURE
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Comments: Ep

1) Ni(110), Ep=12eV, AE=80meV Ep-c

2) Stoner excitation: excitation at given q between

bands of opposite spin. Er

3) Specular scattering, q=0. Asymmetry spectrum gives
most probable value of exchange integrated over Brillouin zone.
References:

J. Kirschner, in Polarized Electrons in Surfaces Physics (World Sci)
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Magnetic Order in Thin Mn Film on Fe(100)

SPEELS

: 3ML Mn/Fe
J +

Bare Fe

8
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o
T

(o)
/
)
"
o

¢
q

Asymmetry (%)
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|

Comments:

1) Peak in inelastic asymmetry indicated Mn exchange splitting
of 2.9 eV indicating larger magnetic moment.

2) Asymmetry oscillates with period of 2 ML, implies ferromagnetic

sheets stacked in antiferromagntic alignment.

Reference:

T.G. Walker and H. Hopster, Phys. Rev. B 48, 3563 (1993)
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History:
Spectroscopy of Filled and Unfilled States
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Photoemission: measure energy of initial and final state
C.N. Berglund and W.E. Spicer, Phys. Rev. 136, A1030, A1044 (1964)
Spin Polarized Photoemission: measure spin of photoelectrons

G. Busch, M. Campagna, P. Cotti, and H.C. Siegmann, Phys. Rev.
Lett. 22, 597 (1969)

Inverse Photoemission: measure unoccupied states

G. Denninger, V. Dose, and H.P. Bonzel, Phys. Rev. Lett. 48, 279
(1982); D.P. Woodruff and N.V. Smith, Phys. Rev. Lett. 48, 283 (1982)

Spin Polarized Inverse Photoemission: polarized electrons ( from
GaAs source) incident on sample

J. Unguris, A. Seiler, R.J. Celotta, D.T. Pierce, P.D. Johnson, and
N.V. Smith, Phys. Rev. Lett. 49, 1047 (1982)
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Spin Polarized Inverse Photoemission

™
. . . o ’ .u..t‘
PHOTON T
DETECTOR 1o+ He 3
COFz - '. «20°
WINDOW 0 a-e0
W r: ..”u. N'
-~ e
POLARIZED A aT~_ E - Ny
" GUN l ) | EH
B " 0e0°
Ni (110) e 1
' ENERGY ABOVE E (eV)
Apparatus First Spectra

Comments:
1) Energy, Angle (k), and Spin-Resolved Inverse Photoemission

2) Observe large minority spin peak just above Fermi level from
the d-holes responsible for ferromagnetism in Ni

Reference:

J. Unguris, A. Seiler, R.J. Celotta, D.T. Pierce, P.D. Johnson, and
N. V. Smith, Phys. Rev. Lett. 49, 1047 (1982)
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Temperature Behavior of Magnetic States in Ni

o

intensity

intensity

Comments:
1) With increasing temperature, minority peak decreases and

majority peak increases
2) These changes along with observed energy shifts
consistent with temperature dependent exchange splitting

vanishing at T

Reference:
M. Donath and V. Dose, Europhys. Lett. 9, 821 (1989)
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CO Chemisorption on Ni(110):
Effect on Surface Magnetism
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1) Minority spin peak does not decrease beyond 0.5 ML CO coverage
although CO =n* intensity shows CO adsorption continues.

2) Consistent with each CO affecting two surface Ni atoms.

3) CO does not randomize Ni moments which would lead to equal up
and down spin peaks.

4) Rather, CO reduces magnetic moment of surface atoms.

Reference:
C.S. Feigerle, A. Seller, J.L. Pena, R.J. Celotta, and D.T. Pierce,
Phys. Rev. Lett. 56, 2207 (1986). _
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Exchange Splitting of Surface States on Ni(100)

s

crystal-induced state

T'X 6=50°

Intensity (arb. units)
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Comments:

1) Measure energy dispersion and spin dependence of bulk

and surface states
2) Approximately 0.2 eV exchange splitting of crystal induced
surface state

3) Direct demonstration that top atomic layer of Ni(100) is

magnetically active. No “dead layers”.

Reference:
K. Starke, K. Ertl, and V. Dose, Phys. Rev. B 45, 6154 (1992)
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Spin-Split Image Potential Induced Surface State
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Comments:
1) Rydberg-like series of bound states of electrons trapped beteen

image potential barrier and surface

2) Wavefunction maximum well outside surface, splitting small
3) Spin resolution allows meaurement of splitting much smaller
than peak width.

Reference;
F. Passek and M. Donath, Phys. Rev. Lett. 69, 1101 (1992)
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Low-Energy Electron Microscopy (LEEM)
Spin Polarized = SPLEEM

SCREEN
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o Ae THIN SAMPLE

OBJECTIVE LENS

SURFACE SAMPLE

b. LEEM

Comments: ». TEM
1) In both LEEM and TEM, electron gun llluminates sample and
lens projects magnified (direct, not scanned) image on screen.
2)_Many contrast mechanisms in LEEM. Spin polarized incident
beam provides magnetic contrast by taking difference of images
obtained with each spin direction.

3) In LEEM, the sample is the first electrode of the objective, an
accelerating immersion lens.

References:

W. Telieps and E. Bauer, Ultramicroscopy 17, 57 (1985)

L.H. Veneklasen, Rev. Scl. Instrum. 63, 5513 (1992)
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SPLEEM Co(0001)

1) The image of one component of in-plane magnetization shows

that magnetostatic energy due to.the' surface overcomes the
strong uniaxial (out of plane) anisotropy.

2) Video image, 512x512 pixels, 8 bit, 10sec/image, resolution=20nm

3) Aquire two images with opposite spin polarization and then use
subtraction to extract the magnetic contrast.

Reference:
H. Pinkvos, TU Clausthal, unpublished
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Summary

Key Features of the GaAs Polarized e” Source
Polarization

Polarization Reversability
Intensity

Emittance

Energy Spread

Time Resolution
Reliability

Low energy=short mean free path/surface sensitivity

Important for investigation of surface magnetism
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Erwin Reichert,
U. Mainz

Thermal Stability of Cs on NEA III-V-Photocathodes and
its Effect on Quantum Efficiency
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Thermal Stability of Cs on NEA III-V-Cathodes
and its Effect on Quantum Efficiency.

H. Fischer P. Drescher
E. Reichert
Johannes Gutenberg University of Mainz

Abstract

In polarized electron guns using NEA GaAs- or GaAsP-cathodes one ob-
serves a decrease of quantum yield with time of operation. This fatigue of
efficiency limits the useful lifetime of a cathode. The question is whether Cs-
desorption from the NEA layer is responsible for such a loss of yield.

We looked for changes in Cs-content of NEA layers on GaAsP(100)-cathodes
with help of X-ray photoelectron spectroscopy (XPS). Cathodes of this type
are used in the polarized electron gun of the Mainz race track microtron MAML
We do not see a decrease of the cesium XPS-signal with time at room temper-
ature, while at the same time the yield may vary over a wide range of values.
Cs-desorption rates at elevated temperatures are consistent with activation
energies around 1.6 eV for Cs—desorption from layers that are prepared for
maximum photoelectron emission. This is in agreement with thermal flash des-
orption spectra reported by other laboratories for GaAs and indicates a rather
strong binding of Cs to a GaAsP(100) surface at coverages typical for NEA
preparation.

1 Introduction.

A substantial part of the present and near future experimental program at the
Mainz race track microtron MAMI needs a beam of polarized electrons. A group of
physicists from Mainz university labelled B2-collaboration is responsible for setting
up and operating a source of polarized electrons attached to MAMI.!

1B2-collaboration at Maing race track microtron MAMI: H.G. ANDRESEN, K. AULENBACHER,
TH. DoMmBo, P. DREsCHER, H. EUTENEUER, H. FiscHER, D. v. HARRACH, P. HARTMANN,
P. JenNEWEIN, K.-H. KaISER, S. K6B1s, H.J. KREIDEL, CH. NACHTIGALL, S. PLUTZER, E.
ReicHERT (Sp), K.-H. STEFFENS, TH. WEIs.
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Figure 1: Typical time variation of the quantum yield of 8 NEA GaAs ¢sP 35(100)-
photoelectron cathode.

The present source of polarized electrons of MAMI is based on photoelectron emis-
sion from GaAsP and is applied already in experiments since the beginning of 1992.

A major problem encountered in the operation of 1II-V-photocathodes in electron
guns is the limited life time. The example in figure 1 demonstrates a typical time
variation of quantum yield of a GaAs¢sP 35(100) photocathode activated to negative
electron affinity (NEA) by Cs-coverage. Cathodes of this type are currently in use
in the MAMI source of polarized electrons.

The processes that cause the degradation of yield are not known yet. So we set up
an X-ray photoelectron spectrometer (XPS) to study the surface of NEA photo-
cathodes. The hope was to see some correlation between decreasing quantum yield
‘and changes in the composition of the NEA-layer eventually.

The first obvious question that we tried to answer was: Is there a change in the
amount of cesium at the surface with time, that alter the optimum NEA conditions?
Our investigation concerning this point is the topic of this contribution.

2 XPS studies of GaAsP-photocathodes.

Figure 2 shows a side view of the XPS apparatus used. In the center of an UHV-
chamber (base pressure 2x107'°mb) there is a target holder that may contain up to
four samples. The samples are introduced via a load lock and may be heated from
the rear by radiation from a tungsten filament. We use dispenser cathodes of SAES
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Figure 2: Side view of XPS apparatus.

Getters, Milano in Italy, for cesiation of a sample. Oxygen may be introduced into
the chamber via a leak valve. The X-ray source has been purchased from VWS,
Great Britain. It possesses two different anodes of aluminum and magnesium re-
spectively. The energy of electrons released at the sample surface by K,-radiation of
Mg or Al respectively is determined with help of a - spectrometer whose dispersive
element consists of an electric spherical condenser.

Figure 3 shows an overall X-ray photoelectron spectrum emitted from an acti-
vated GaAsgsP 35(100)-surface irradiated by K,-light from magnesium. Besides

- lines stemming from the GaAsP-substrate one sees clear peaks originating from Cs.
The. most prominent feature is the doublet at an energy around 520 eV that is due
to photoionisation of the 3ds/z 3/ inner shell of cesium. In figure 4 the same doublet
is shown with expanded energy scale. The cross hatched area under the 3ds/,-peak
is taken as a measure of Cs—coverage of a sample in the following. Other lines that
are also registered routinely in our investigations are shown in figure 5.

It is known (see e.g. [1]) that only one monolayer of cesium can be adsorbed on a
GaAs-surface at room temperature. This fact can be exploited for calibration of
the 3ds/;-peak area in our photoelectron spectra in units of Cs-monolayers. Figure
6 shows the result of a cesiation of a clean GaAsP(100) surface. The Cs-3ds/>-
signal increases rapidly immediately after the start of cesium flux from a dispenser
cathode but saturates after approximately 50 minutes of continuous cesiation in the
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Figure 3: Energy spectrum of electrons released from a cesiated GaAs ¢ P as—surface
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Figure 4: Cs-3ds/2,3/2-doublet.
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Figure 5: Electron lines due to Auger—process in Cs and photoionisation of Ga-2p-,

As-2p-, and O-1ls-inner shells.
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Figure 6: Cs-preparation of a GaAs gsP 35(100)-surface.
o o o Cs-3ds/;-peak area.
©c oo quantum yield

example shown. The saturation signal is that corresponding to a Cs-coverage of one
monolayer. During the cesiation procedure the quantum yield ismeasured at 633 nm
(HeNe-laser light). The yield is also plotted in figure 6. It goes through a maximum
at coverages below that of one monolayer in agreement with the findings of other
experimenters, e.g. of D. Rodway [2] or Kamaratos and Bauer [3]). Switching off
the Cs-flux does not affect the Cs-signal in figure 6 within error bars, but the yield
increases again. Such a behaviour of the quantum yield has been also reported e.g.
by Smith and Huchital [4] and others. We do not understand this second growth of
photocurrent, yet, but the point in this context is that we observe a change in yield
which obviously is not accompanied by a loss of cesium from the surface.

-We believe that the limited life time of a III-V-photocathode activated to negative
electron affinity by cesium is not produced by a loss of cesium during its life. Figures
7 and 8 show the Cs-3ds/;-signal and the yield of a GaAsesP 35(100) cathode as a
function of time. Both figures present data of the same measurement, the time scale
is different only.

The cathode was activated in the beginning with cesium up to the first yield maxi-
mum (figure 6). One sees that the Cs-signal does not change over a period of nearly
100 hours after activation while the yield goes through a flat maximum followed by
a decrease by a factor of two roughly. During XPS data taking one sees a recovery
of yield in figure 8. We believe this is due to a release of contaminants from the
cathode surface because of irradiation with X-rays, but we were not able yet to
identify such contaminants.
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Figure 7: Cs-coverage and quantum yield of a GaAsgsP 35(100)-surface as a function

of time.
o o o Cs-3ds/,-peak area.
© o o quantum yield
XPS XPS XPS
2.5 L | ! 25
0p0%000 o
00 L2 % o, 2.0
b ! oO ; §
r )
°g
L5 O"o 1.5
ooo Oo
0od, C )
o %%s b,
1.0 om oz 10
0.5 0.5
o Y% K2
0.0 ¢ Cs-3d-Signal 0.0
0 20 40 60 80 100 120
Time of Operation [h]

Cs 3d-Peakarea [a.u.]

Figure 8: Cs-coverage and quantum yield of a GaAsgsP 35(100)-surface as in figure
7. Different time scale. Quantum yield curve has been reproduced in figure 1.
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Figure 9: Recesiation of 2 GaAs g5P 35(100)-surface after 120 h of continuous oper-
ation.

Comparison of quantum yield, of photoionisation signals of As-2p, Ga-2p, Cs-3d,
O-1s, and of the Cs-Auger line before and after recesiation.

The error bars at the Cs-3ds/;-signal points in figure 8 correspond to an uncertainty
of 2% of a monolayer. So our statement of a constant Cs-coverage is true only
within 2% also. This is not small enough to rule out a 1% decrease of a mono-
layer, that might be enough to drop the yield appreciably following Rodway and
others [5]. But Rodway argues indirectly only using observations experienced in
socalled recesiation. One knows that the yield of an aged III-V-photocathode may
be regained by exposing the surface for a short time to another slight cesium flux.
A total amount of Cs corresponding to a few percent of a monolayer is enough in
most cases to bring the yield up again. It is tempting now to argue, as Rodway
does, that recesiation just compensates for cesium losses and restores an optimum
coverage with high quantum yield. We do not see that in our spectra. Figure 9
shows several XPS-signals from a GaAs ¢sP 35(100)-photocathode before and after
recesiation. The data are taken with the cathode whose Cs-signal and yield is plot-
ted in figure 8. Recesiation started 120 h after the first Cs~activation (beginning of
figure 8). One observes that a total Cs—amount corresponding to 5% of a monolayer
brings the yield back to its start value of figure 8. The Cs-3ds/;-signal increases a
little bit if at all by recesiation.

An increase of Cs—coverage can also be deduced from the reduction of the Ga-2p-
signal. A heatcleaned GaAs(100)-surface has probably a Ga-rich c(8x2) recon-
struction and it is believed that Cs adsorbs preferably at the Ga-sites [3]. If one
accepts that heatcleaned GaAsP(100) behaves in a similar way, one should see a
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decrease of the Ga-2p-signal on Cs-adsorption, while the As-2p-signal should not
change appreciably. Ga- and As- signals just behave like that in figure 9.

The area of the Cs—Auger peak increases also as a result of recesiation, but decreases
again during the following day, while the Cs-ds/,-signal stays constant. In our
hypothesis recesiation not only adds cesium to the surface but has also a cleaning
effect so that contaminants are taken away from the surface. This should affect
most sensitively XPS-signals around 50 eV, at which energies the mean free path
of electrons is low. Therefore the Auger—peak at 47 eV should increase more clearly
than the ds/;-photopeak during recesiation. The opposite should happen upon
subsequent new adsorption of contaminants on top of Cs~atoms.

So in summary in our interpretation the data of figure 9 show that recesiation of a
NEA-III-V-cathode does not compensate for losses in cesium but brings cesium to
the surface in addition to that of the primary cesiation.

The sensitivity of XPS for oxygen is an order of magnitude lower than that for
cesium [6]. So the O-1s-data in figure 9 only show that the oxygen contribution to
the surface layer may be zero, but at present our apparatus is not sensitive enough
to exclude a small nonzero oxygen admixture.

3 Thermal desorption of Cs from NEA III-V
cathodes.

Thermal desorption data from the literature confirm the strong bonding of cesium
to a GaAs—surface. This is shown nicely in socalled programmed thermal desorp-
tion experiments (PTD). Examples are the works of Wada et al. [7], Kamaratos
and Bauer [3], and Goldstein and Szostak [8] who investigated Cs—desorption from
GaAs(100), or of Derrien and D’Avitaya [9] who studied GaAs(110).

The PTD-data show at least two binding energies of Cs to GaAs(100), the lower
with a value around 1.6 eV for layer thicknesses that correspond to activation to
maximum photoelectron yield. If one assumes, that the desorption is governed by a
rate equation of Arrhenius form ( see e.g. [10]),

dn - &
5 = e T (1)

n = Cs-atoms/m?
E = binding energy
T =temperature/K
v = rate constant
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Figure 10: Cs-desorption from a GaAsgsP 35(100)-surface at T = 509 K.

one arrives at a negligible Cs-loss with time at room temperature. Taking for
example v = 10’ s, which is a typical value for a vibration frequency of an atom
bound to a surface, E = 1.6 eV, and kT = 0.026 eV, the Arrhenius equation gives

ldn _ -14 -1 .
i 2x107"s (2)

which says that there is practically no desorption of cesium at room temperature.

The data shown in figure 10 confirm the PTD observations. We heated a GaAsP(100)
sample prepared by Cs-adsorption up to maximum photoyield by a sudden tem-
perature increase from room temperature to 509 K. The Cs-3ds/;-signal decayes
exponentially in the first hour after the temperature jump, until it levels off at a
practically constant value at later times. In our interpretation the exponential decay
"is due to a binding state at relatively low energy, while the constant Cs-coverage
at later times corresponds to Cs-atoms staying in a bond with substantially higher
energy. If we assume again a desorption rate given by equation (1) and take again
v = 10'3s7!, we get a binding energy of the low lying Cs-state of 1.6 eV in agreement
with the PTD~data.

We admit that the interpretation of the PTD-~measurements and of our data sketched
in figure 10 by using equation (1) is very crude indeed. So we take the numbers of
binding energy and desorption rate as a rough indication only. Nevertheless they
confirm our hypothesis that Cs is fairly tightly bound to a GaAs- or GaAsP- surface,
so that at room temperature there is practically no loss of cesium from a sample
activated to NEA by Cs-coverage.
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4 Conclusions.

1. Cesium is tightly bound to a GaAs— or GaAsP-surface. Degradation of quan-
tum yield of a cathode activated to negative electron affinity is not due to
thermal desorption of Cs at room temperature {11].

2. The question is what else is responsible for III-V-cathode degradation if the

first statement is true.

One could think of changes in the surface layer due to disturbance of its crys-
tallographic order. We have indications that in an operational gun the NEA
photocathode is damaged by ion bombardement. Ions may be created by elec-
tron impact ionisation of the rest gas or by electron stimulated ion desorption
from the walls of the gun chamber. K. Aulenbacher will discuss this process
in another contribution to this workshop [12].

In addition to that we believe that cathode degradation is produced by con-
taminating atoms or molecules adsorbed at the cathode surface. Candidates
are oxygen and hydrogen which will be found in all UHV systems. One knows
that overoxydation of a cesiated cathode will diminish its yield. Oxygen is
scarcely seen in the mass spectrum of the rest gas of a well baked UHV ap-
paratus, but it is certainly existing at the walls of a metal vacuum chamber,
from where it may be released by electron stimulated desorption. It is true
that we do not see oxygen in our XPS-data of a degrading GaAsP-cathode,
but this may be due to the low sensitivity of XPS for detection of oxygen.

Hydrogen is the most abundant element in the rest gas of a metal UHV system.
We flooded our XPS apparatus with H, at a pressure of 10™% mb for several
minutes, which did not affect the quantum efficiency of our GaAsP cathode.
So we think that H,-molecules do not harm. But may be that H-atoms or
H*-ions produced by electron stimulated desorption, dissociation, or impact
ionisation produce a cathode degradation.

3. Recommendations.
We believe that the life time of NEA GaAs- or GaAsP-cathodes is limited
because of neutral as well as ionic contaminations coming from the residual
gas or from the vacuum chamber walls via electron stimulated desorption. Not
knowing the actual degradation process we only may repeat two rules set up
in the early days when work with NEA III-V-photocathodes started:
a)A NEA III-V photocathode should be operated in the best vacuum attain-
able.
b) Electron stimulated desorption should be avoided at least in the neighbour-
hood of the cathode by designing an electron beam line of a transmission as
high as possible.
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Richard Sheffield
Los Alamos National Laboratory

AFEL Accelerator

This presentation will cover Los Alamos's experiences with cesiated cathodes in rf cavities.
This will include multipactoring and breakdown issues. Also, the effects of excess cesium
and how to handle cesium contaminated structures will be covered.

261



/] FE[ /«) cce/e}’aﬁ?)ﬂ

— Degfj}’l

— N HI'IOGCZLON"j

— Emitancs muSqfeM¢n7€{
— L. {e time Lssues

— 07‘6,& En]:'necw'ryfsmﬂ’

SOS—667-1237



GVW\ paf_\g_m e‘&ﬁs

E=10- 20 MeV
R SionC
,qp s 7 - ZOrs
micro pllse fep. S to 10ns

W\o.crc‘ou(&e L eSus
|300MH2 accel, 5"1)'

< looH2 rep vote

263



F/lo‘l‘;) /'/U.cczl'ers |

S.m /:c.-}
¢ &
. Ucrf Hj 8') ess Jor nékq
. H}K Aven e Curren‘ts

er\/ not 7
. Li{e time

[



q9¢

- Beam Tube
(2.54 ¢m dia)

" Steering Magnet

Hlxh Brightness
ccelerator -\\\\
.

Wall Current/
Poslition Monitor

Ad justable Permanent Magnet
Focussing Quadrupole

‘-FEL Laser Optics

(4'-6") =

a B EEEE

Optical Transition
Radiation Beam
Diagnostics Screen

Adjustable Permanent Magnet
Bending Dipole

WL

ump
Wiggler

[ g cagr
1 METER -

Spectrometer
Dipole

Beam Dump




- ) T —N
{
Y
i

OTHER FEATURES

—————————

e FIRST CELL9 mm LONGER |

30 degrees start phase
charge independent
1.5 MeV vs 1.0 MeV

|

|

| . HIGH Q, HIGH GRADIENT
| CAVITITES

|  SINGLE RF FEED

| '(SMALL ENERGY CORRECTING CAVITY DESIGNED IF REQUIRED)

« CRYOGENIC OPERATION

(Los ALamos NATIONAL LABORATORY )

266



267



s </’A”/%

1 .‘»‘ 4 ' & A D Yy vyyVr
L LS XN

7K’

o Vi A -

0

268



69¢

LOW-LEVEL MULTIPACTORING OCCURS IN THE
COUPLING CELLS

] t‘?ﬂ 3%«
hek | a0 | e [ Wu

COUPLING CELL

‘ LOS ALAMOS NATIONAL LABORATORY '




0L2

MULTIPACTORING RESTRICTED OPERATING PARAMETERS

« At <2 MW into accelerator, low-level multipactoring
occurs in the coupling cells

» Operated for one year with no multipactoring for > 2
MW

* In March, field collapse occurred at all power levels,
dependent on the solenold fields

* Two possible sources: metal sliver or ceslum compounds
In cavities

* By cleaning structure, multipactoring was eliminated

LOS ALAMOS NATIONAL LABORATORY ==




1LC

TEMPORAL END EFFECTS INCREASE RMS EMITTANCE

|
|
20 - . .40 i
10 -'._. 1 .:_ _‘-.. .20 }
o 0 ,:‘.
o —F
R b
-10 b
* .40 |
R - 3 o veee ¢ |
-20 ) x (cm) vs time (degrees@1.3 GHz) |
-.06 ~.03 0.. .03 .05

x'(mrad) vs x (cm) 124 ’
|
240 3 '
180 fl‘ 62 l t

120 ,IJ

FWHM . | -
60 "_,JV n
L - AN

- article number vs x 0
B -6 -3 o 3 ¢

1 nC.13.5 MeV, 10 ps Initial length no. of particles vs time (degrees@1.3 GHz)

.3 cm cathoae radius — '
Gcs ALAMOS NATIONAL LABORATORY ’




cLe

THE SLICE RMS EMITTANCE IS CLOSE IN
" VALUE TO THE FWHM EMITTANCE

V4
M full ms

E * [J slice rms
| g 18-
; ) ‘
| 3 l
3 g8

E

§ .

o .

g of

Ereme——— [0S ALAMOS NATIONAL LABORATORY




€Le

At 1 nC, experiment and simulation

are in good agreement

+

fit
data
PARMELA

0.8
0.7
\

LOS ALAMOS NATIONAL LABORATORY

()




XPERIMENT AND
IN ERROR BARS

C.E
\'A'I!Tl

n
E

o @ PARMELA

= ® o @ Upper Lim it

= = = @ Lower Limit

coumuteassss 1) g ¢t a

1.5
CHARGE (nC)

TORY ,

NAL LABORA

- (lOS ALAMOS NATIO

274




GLT

ENGINEERING ISSUES

PHOTOCATHODE MATERIALS:
1) low QE
2) high QE
FIELD EMISSION
UNIFORMITY OF LASER ILLUMINATION AND CATHODE QE
PRESERVATION OF BRIGHTNESS THROUGH REMAINING BEAMLINE

RF AND DRIVE LASER STABILITY

— . ' LOS ALAMOS NATIONAL LABORATORY )



[’.'[‘C ‘lLfMC ﬁESa/‘/'s Jo.n
Multi olkali Catodes

v-x—timl'hol L)’ vacuum Condihoons
S Ovef» 'yf‘ - minates o Jo.rs

22 ame

o ' \_..I L"ﬁ.'_—m”

niw\t’- 27T heg
mdn‘hheﬂ

he oMttt Q

‘_‘\

. Boe'mj 267 o‘nﬂ’? Pko-lu"\;edw
Sl(\e\') \ON\_.H-!) ’Ee-’—a‘sps ,5nC
Pms 'o:g‘ M\cro‘uﬂse YA 33MHR accel.§
oDag

§nc Alur:u .lu
—"L"L'f?"‘-ims f::A wung )
tTms ® WH=2

QE 107Z vrom For 3hours

276



VA Hcmﬁ‘fs +fo If’ﬁrom [f‘ﬁ'mf_

. Cs bt Sn constant Cs
huckaroum‘ - 2 Joiled a‘"‘!mf‘,'s

e GClow c'l'sct\uae - no ¢!
effect
- Bose P is high (2245 caxi'®)]

- Imcuf"'u'ts LO\A’J +I.3k"‘ﬁ‘ ‘I'aqn
200eV!

3...'I%c...+

* Run acceleratov

277



{or non »fa/ e a//o//'cd[/bzs

IL/O/Z Gral:
>0: o

< 2‘95 fcs(f“‘se
P> /10 nrr
/.05
A = MOSEM 0.55um 0.3 um

——

278



6.2

|i

¢ FINISH ELECTRON BEAM PERFOMANCE
MEASUREMENTS

e "USER-FRIENDLY"

e 4 MICRONS AND UP IN FY93, DEMONSTRATE10%
TUNABILITY

o GREATER THAN 200 WATTS IN THE INFRARED IN FY94

e VISIBLE WAVELENGTH OPERATION

(I.ZS ALAMOS NATIONAL LABORATORY ’

|
‘I |
|




H. Siegmann
ETH Honggerberg (Ziirich)

Production and Detection of SPIN Polarized Electrons

281



PRODUCTION AND DETECTION OF SPIN POLARIZED ELECTRONS
by
F. Meier and H.C, Siegmann
Swiss Federal Institute of Teéhnology, 8093 Ziirich, Switzerland

ABSTRACT

The production of pulsed intense and spin modulated electron beams from negative electron
affinity surfaces of p-doped GaAs and Ge depends on the space charge generated by the
emerging electron pulse outside the sample and on the photovoltage generated by migration of
holes and electrons in the band bending zone at the surface. A double pulse experiment is
described allowing to experimentally determine the relaxation time of the photocurrent.

Transmission of low energy electrons through ferromagnetic materials depends on the degree
of spin polarization of the electrons along the direction given by the magnetization. This
phenomenon is due to inelastic electron scattering into the spin polarized holes of the d-band
and may be used for highly efficient detection of spin polarization.

INTRODUCTION

There are many ways in which one can produce and detect spin polarized electrons. The most
efficient way to produce polarized electrons is photoemission from a semiconductor surface
such as GaAs with negative electron affinity. The first part of this paper will be concerned with
one special aspect, namely the phenomena occurring when intense and short pulses of light
from a laser are used to induce photoemission from GaAs and Ge. The two main issues are the
space charge produced by the large amount of electrons leaving the surface of the semi-
conductor and the photovoltage induced in the band bending region. Other work in the DC-
mode concerned with spin polarized photoemission from noncubic crystals and metastable
strained semiconductor layers is published elsewhere [1,2] and will be described in part by
Yu. Mamaeyv in this meeting.

The best way to detect polarized electrons is not so obvious at this time. Most of the schemes
used up to now employ differential elastic scattering of the electrons from heavy atoms in
which the spin-orbit interaction can induce a partial spatial separation of the two spin states.
The figure of merit for such spin detectors is of the order of 104 with the best possible value of
this figure being unity. Hence there is room for significant improvement in the field of detectors
of spin polarization. In the 2nd part of this paper a new scheme for detection of spin polariza-
tion is proposed yielding figures of merit of several percent. Such a significant improvement
would greatly enhance the range of applicability of spin polarized electrons.
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SPACE CHARGE AND PHOTOEMISSION OF ELECTRONS

The reason why pulsed lasers only play a minor role in electron spectroscopy is due to the
space charge cloud in front of the sample which disturbs the energy distribution and directional
characteristics of the photoemitted electrons. This space charge cloud is important as soon as
sufficiently large currents of electrons are emitted in a short ime. However, it turns out that the
space charge has no influence on the total spin polarization of the electrons in the cloud.
Although spin exchange collisions may occur between the individual electrons in the cloud, the
polarization of all the electrons in the cloud is conserved. This is a consequence of conservation

of angular momentum and can be proven in the following experiment.

The photocathode is polycrystalline iron magnetized perpendicular to the surface by the field
produced in a superconducting coil. The photoelectrons are excited either by laser pulses of

16 nsec duration or by a monochromatized continuous light beam from a conventional source
such as a high pressure arc. The photoelectrons emerging from the sample surface are accele-
rated and longitudinally extracted from the magnetic field and their intensity and degree of spin
polarization P is measured after further suitable acceleration. The current of positive ions that
also might emerge from the sample surface can be measured separately.

Fig. 1 shows that the intensity of the photoelectron pulse increases first linearly with the power
of the light pulse but weakens considerably as the light power increases. This is the action of
the electronic space charge. The weakening by one or two orders of magnitude of the electron
pulse is removed when the space charge in front of the sample is compensated by positive ions.
This happens when the surface starts melting in the laser focus. Then the electron pulse shoots
up in intensity again even surpassing the strength expected from the initial linear increase.

A A A DR
[ + ]
o .t polycryst. Fe °
U) e
s 10 F «/ 1 Fig. 1:
o - / <4 Number of electrons emitted from a
5 0l / ° 4 sputter cleaned surface of polycrystal-
2 410 | / © —1 line Fe per pulse of light from a KrF-
o + 3 excimer laser with 16 nsec duration and
e - /oy 1 photon energy hv = 5 eV (ciscles).
e i / -1 Positive ion emission is indicated by
JE Og - / ¢ ~{ crosses. The straight line is calculated
-g—; : ) 1 from the yield Y= 5+ 105 of
/ o 7 electrons per incident photon of
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On the same sample where the data of Fig. 1 have been taken a measurement of the spin

polarization of the emitted electrons has been made as function of the laser pulse energy, see
Fig. 2.

Evidently, the space charge which becomes noticeable above 1 WJ according to Fig. 1 has no
influence on the spin polarization P. P remains at 65% just as observed with the continuous
lamp which is 109 times weaker compared to the 1 uJ pulse. This demonstrates impressively
that the total spin angular momentum of the photoelectrons is conserved even in the presence of
space charge. P disappears only when the laser pulse heats the ferromagnetic iron sample above
the Curie temperature. It should be noted that on the time scale of the 16 nsec pulses used in
this experiment the spin system and the lattice are in thermal equilibrium [3).

o T T T AN BLRRRE Fig.3.'
| polycryst. Fe + Cs ]  Relative spin polarization P/Pq of
° * | electrons emited from a cesiated
i surface of polycrystalline Fe at
hv = 2,15 eV. The pulse length is
" ] T 20nsec (circles) and 30 psec (filled
o [ S hv=215eV " circles). The pulse energy is given in
o 3 ] | units of the energy Ejop at which
05 |B-Sn 05 ® 30 psec |  emissionof positizve ions sets in.
- . . n Ejon = 90 mJ/cm# with 30 psec and
- © 20 nsec 4 g - 3100 miem? with 20 nsec
- . pulses. The diameter of the pulse focus
- - on the sample is 110 um. The inset
0 T W S T shows the same measurement with
Ol | 1O circularly polarized light pulses and

E/Eion B-Sn, in which no difference exists
between long and short laser pulses.
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The result of an analogous experiment using < 100 psec pulses is drastically different, see

Fig. 3. With these shorter pulses it is found that the polarization of the Fe sample persists even
at pulse energies exceeding the threshold for surface melting as indicated by positive jon emis-
sion. The melting process is governed by the electron-lattice relaxation time which is known to
be of the order of 1 psec. Accordingly, Fig. 3 shows that on the time scale < 100 psec the
thermal equilibrium between the spin system and the lattice is not established: the magnetization
persists although the Fe is molten. This is another manifestation of conservation of angular
momentum. Randomizing the electron spins in the sample means that angular momentum has to
be transferred to the lattice. This transfer is slow compared to lattice heating because the elec-
tron spin is coupled to the lattice by the weak spin-orbit coupling, acting as a bottleneck for the
energy transfer between the two systems.

The fact that melting is fast on a time scale of 30 psec is demonstrated in an experiment where
the polarization of optically spin oriented electrons is measured as function of pulse energy.
Such a measurement is shown for B—Sn in the inset of Fig. 3. In full contrast to the experiment
on Fe the optically induced polarization of the photoelectrons from B~Sn vanishes when the
threshold for melting is reached. It is known that from a liquid, i.c., disordered surface optical
excitation into spin polarized final states is not possible. In the ~Sn experiment the reaction of
the spin polarization to melting is faster than the 30 psec which the laser pulses last. The con-
clusion is that the electron-lattice relaxation time is shorter than the 30 psec laser pulse - in full
agreement with other work - but the spin-lattice relaxation time is not, as proved by the experi-
ment on Fe.

It should be noted that the measurements shown in Fig. 3 have been made on surfaces covered
by cesium in order to reduce the work function. Interestingly, the Cs does not disappear from
the surface even under exposure to the high energy pulses. The Cs-coverage proved to be
stable even after many hundred psec-pulses each heating the sample up to the melting tempera-
ture. This is true also for the case of the semiconductor surfaces discussed below.

EQUILIBRIUM BAND BENDING AND PHOTOEMISSION

Apart from the space charge in front of the surface of the photoemitter, the photovoltage in-
duced in the band bending region is also important to understand high intensity pulsed photo-
emission from semiconductors. As early as 1968, T.E. Fischer noted that the GaAs surface
covered with Cs shows a giant dependence of the work function on temperature [4]. An ex-
planation of this phenomenon was given by Hecht [5].

The band bending in semiconductors is induced by the charge stored in surface or interface
states. Such surface states of the Schottky type appear at about the middle of band gap because
the periodic potential is abruptly terminated at the surface. If now a metal is evaporated onto the
surface, the surface states become occupied with electrons. This defines the position of the
Fermi-level at the surface, and band bending must occur depending on where the Fermi-level is
located in the undisturbed bulk of the semiconductor. To obtain a negative electron affinity sur-
face, the bands must bend "downwards" for electrons, that is one needs a p-doped semicon-
ductor in which the Fermi-level in the bulk is close to the edge of the valence band. The band
bending region in the heavily doped semiconductors used as photocathodes is typically only

10 nm thick. In the electric field of the band bending region, electron hole pairs created by the
absorption of the light are separated. The electrons move to the surface and can be trapped there
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for a long time, whereas the holes move into the bulk. The charge separation produces an open
circuit voltage. In the present application, this photovoltage has a deleterious effect on the per-
formance of the photocathode in that it moves the vacuum level upwards, i.c., it creates a flat
band condition removing the band bending and with it the negative clectron affinity condition
that leads to the high photoelectric yield of the cathode.

The photovoltaic effect has nothing to do with the surface charging effect which occurs due to
excitation of electrons from the metal into vacuum, as observed in electron spectroscopy of
insulated layers. The photovoltaic effect is far more significant compared to the surface charg-
ing in the present case with only about one monolayer of metal at the surface, since most of the
photons are absorbed well below the surface.

The surface photovoltage decays in time when the light is switched off. This is due to the fact
that - in p-type material - primarily holes are thermoemitted from the bulk into the surface
region where they recombine with the electrons. As a consequence the equilibrium band
bending is restored. Since the restoring current is thermally activated it depends on temperature
exponentially which has been verified in a large number of experiments.

In the following we show that the increase of the vacuum level due to the photovoltage can
neatly be observed by measuring the spin polarization of electrons emitted from the semi-
conductor surface. First, an auxiliary experiment is made with p-doped GaAs in which the
work function @ is lowered by successive deposition of very small amounts of cesium at
constant temperature T = 240 K. The photon energy of 2.15 eV is chosen such that the spin
polarization P of the total electron current is close to zero at the lowest work function. This
means that electrons from both the pa2- and the py-valence states are emitted resulting in

P — 0. With higher work functions, P increases as the emission of electrons from the
oppositely polarized and lower lying p1-state is successively cut off. This is indeed what is
observed as shown in Fig. 4.

[ | 1 I i 1 i ¥ !

N~ (110) - p - GaAs
\ T=240K ,hv=2.15¢eV
i

N\

)

-

30

Fig. 4:

Spin polarization P in % of
electrons emitted from the
cesiated (110)-surface of p-type
GaAs (doping with Zn at
2-101%cm3) at T = 240K and
with photons of 2.15 ¢V from a
continuous light source. The
work function ® is lowered by
successive evaporation of very
small amounts of Cs as in the
1.0 activation process.

n
o

—y
o

POLARIZATION [%]

3 ihii

Illllllll-lllll|ll

LA B A L B LR B B LA

o

o
o
@ [

0.2 0.4 0.6
hv - @ [eV]

286



Next, we show the effect of the T-dependent surface photovoltage on the polarization. The
cesium coverage and the photon energy and intensity are kept constant but the temperature is
changed in the range 10 K < T < 300 K. According to Fischer [4], the work function ® is
considerably lowered on heating. This lowering of @ is directly related to the relaxation of the
photovoltage; it is clearly larger than the T-dependent shift of the band structure. At very low
T, the photovoltage is unable to relax and induces a flat band condition, that is the work
function is high even with the little illumination by the continuous light source. As soon as the
relaxation of the photovoltage is more effective at higher temperatures, the band bending is
restored, that is the work function is lowered. This is why the polarization of the photoemitted
electrons decreases in Fig. 5.

I |
p - GaAs
30 -
= 3
s —+ hv=18eV Flg 5:
C.ZQ 25 I~ — Spin polarization P in % of electrons
::' emitted from the surface of Fig. 4, but
E\—Cj b with photons of 1.8 eV from a
S 20 - ) ¥. 7 continuous light source. P is reduced as
8 \;\ ' the work function decreases due to the
15 \ _ restoring of the band bending with
increasing temperature T,
] ]
0 100 200 300

TEMPERATURE [K]

In previous work it has been assumed that the increase of the polarization on lowering T is due
to the reduction of depolarizing effects while the electrons migrate to the surface. Accordin gto
the present observations, the photovoltage is the more likely cause of the change in P with T. In
fact, no depolarizing effect has so far been clearly identified in photoemission from GaAs nega-
tive electron affinity surfaces. This is not to say that depolarization of the electrons in the semi-
conductor during transport to the surface is totally absent, yet it is certainly not obvious that
such a depolarization is needed to explain the increase of P on lowering T.

OPTICAL PUMPING AND PHOTOEMISSION OF ELECTRONS WITH PULSED LASER
BEAMS

With this knowledge about the effects of space charge and photovoltage one can now proceed
to understand the phenomena occurring when pulsed laser beams are used to induce emission
of spin polarized electrons from semiconductor surfaces. The most conspicuous observation
with strong light pulses is that the result depends very much on whether the light pulse duration
is in the nanosecond or picosecond range.

Fig. 6a) and b) display results obtained on surfaces of p-doped GaAs(110) and Ge(111) res-
pectively. The dopant is Ga in Ge and Zn in GaAs, both at a level of 2 - 1019/cm3. The energy
of the light pulse is given in units of Ejop, that is in units of the energy at which the surface
starts to emit positive ions. With GaAs, the evaporation of As could contribute to positive ion
emission, but with Ge, Ejon definitely indicates the light pulse energy at which the sample
melts. 287
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Consider now the experiment on Ge: With laser pulses of 30 psec duration P remains unaf-
fected until the sample emits positive ions. Melting and subsequent cooling can produce a
polycrystalline surface but in a cubic crystal the final state polarization obtained by optical
pumping near I" is independent of the crystal orientation with respect to the incident light beam
hence also works with polycrystalline samples. Upon melting, i.e., for E > Ejon, the polari-
zation of the photoexcited electrons is destroyed, as observed before in the experiment with B-
Sn. For all energies below Ejon, P is constant.

The outcome of the analogous experiment using laser pulses of 20 nanoseconds duration is
entirely different: As soon as the average temperature of the sample increases by a few degrees
K - at pulse energies much below Ejon - P gradually goes to zero. This applies to GaAs as well
as to Ge. Note that for a given intensity profile of the laser pulse the change of temperature in
the focus is proportional to the pulse energy. In all cases, the initial temperature of the crystal
before the laser pulse hits the surface is around 230 K. As every surface exhibits a somewhat
different Py at low light intensity depending on the degree of cesiation, the amount of doping,
and the nature of the bulk material, the comparison between different surfaces and different
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materials is conveniently made by plotting the relative polarization P/P,. The results with the
laser pulses of 20 nsec appear to reflect the same effect of lattice heating as observed in the
stationary experiment where a continuous light source was used and where the temperature of
the sample was changed by heating the whole crystal. Obviously, in the laser experiment the
measured polarization is an average over all the electrons emitted by the spatially and temporally
varying intensity profile of the laser pulse. Nevertheless, the conspicuous change of the pola-
rization at pulse energies which are very modest compared to Ejoy is attributed - as in the
stationary experiment - to the temperature induced shift of the vacuum level. This shift is due to
the strong temperature dependence of the surface photovoltage or, equivalently, the strong T-
dependence of the band bending in the surface. The experiment shows that with increasing
pulse energy the effect of the temperature-dependent restoring current overwhelms the effect of
the additional generation of electron-hole pairs which set up the photovoltage. The reason is
that the e-h-pair generation is linear in the pulse energy whereas the restoring current depends
on it exponentially.

The problem remains why the T-dependent shift of the vacuum level and the accompanying
change of P is not observed in the experiments using the 20 psec pulses. The answer is that the
effective probing time of the 20 psec pulse must be too short for any appreciable change of the
photovoltage to develop. There are experimental indications that the set-up time of the surface
photovoltage is of the order of 1 psec or less. Consequently, the probing time of the pulse must
be considerably less than the duration of the pulse. The only mechanism which is able to
shorten the probing time of a given pulse with respect to its duration is suppression of electron
emission by space charge.

Two factors enter therefore the descriptionof the dynamics of the electron emission - including
the polarization of the photoelectrons - from semiconductor surfaces under irradiation by
intense laser pulses: the dynamics of the surface photovoltage and the dynamics of the space
charge. The first factor is a phenomenon of general physical interest whereas the dynamics of
space charge is a problem of more technical nature involving the strength and geometry of the
electric and magnetic fields outside of the sample. The program to be pursued is now twofold:
First, is it possible to follow the dynamics of the electron emission experimentally on a psec
time scale and, secondly, is it possible to attribute the observed time dependence to either of the
two mechanisms, photovoltage or space charge ?

Information on the dynamics of the electron emission is obtained from the following differential
double pulse experiment. The pulse from the quenchend transient dye laser of 30 psec duration
is split into 2 pulses, of which one is made up of right circularly polarized light and the other of
left circularly polarized light. The two pulses can be delayed by the time At with respect to each
other using a variable difference in optical path. The left circularly polarized pulse © - leads to
the emission of down spin electrons, the right circularly polarized pulse 6* to the emission of
up spin electrons. The intensity ration 6+/c - is adjusted such that the total polarization P of the
emitted electrons is P = 0 when At =0, i.e.,when both pulses hit the sample simultaneously. If
now P # 0 withAt # 0, the first pulse must have produced either a space charge in front of or a
photovoltage within the sample.
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The following quantities are directly measured:

1. The total polarization P of the electrons created by ¢* and o~ which is given by
P = (NP + NoP2)/(N; + N2) where Py, Nj and P2, N3 are the polarizations and
intensities of the electrons produced by 6* and 6 - respectively.

2.  The total intensity of electrons J = Nj + N2
3.  The polarization Pj and intensity Ny emitted by the first light pulse alone.
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From these measurements the polarization P2 and intensity N2 emitted by the 2nd laser pulse
are obtained. Fig. 7 shows the dependence of the various key quantities on the delay time At
between the o* and o - pulses. The sample was a Ge(111) crystal, the photon energy 2.15 eVv.

Fig. 7a shows that the first pulse sets up the disturbance in a time At < 30 psec. The polariza-
tion of the first pulse is taken to be positive. Over the whole range of At the total P is

>0, i.c., the dominant contribution to the polarization comes from the first pulse. Why ? The
reason becomes evident from Fig. 7b: the emission of the second pulse is largely suppressed at
short time delays and rises to the value of the first pulse only after 800 psec, the relaxation time
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in an exponential fit being 350 psec. This is also the time when P in Fig. 7a has dropped to
zero again, implying that for a time separation > 800 psec the two pulses emit independently
from each other. From Fig. 7c it is evident that IP5! is as large as 50% at short delays but
approaches the single pulse value of 25% also after 800 psec.

The measurements shown in Fig. 7 give full information on the dynamics of the electron emis-
sion in this double pulse experiment. The main result is that at short delays the emission N2 is
reduced and the polarization P enhanced indicating that the second pulse sees a larger photo-
threshold. However, the experiment does not differentiate between photovoltage and space
charge. Is the photothreshold seen by the second pulse larger because of band flattening or
because the repulsive potential of the space charge has led to a higher apparent vacuum level in
front of the surface ?

The distinction between space charge and photovoltage can be done with a metallic sample
where no photovoltage is generated, and/or by calculation of the time dependent potential set up
by the space charge. Work along both lines is planned and underway in our laboratory. Theo-
retical estimates for the relaxation time of the photovoltage are given in Ref. [6]. It should be
noted that a grounded contact to the metallic ultrathin layer at the surface might be established to
reduce the photovoltage.

DETECTION OF SPIN POLARIZATION

"1l ne suffit pas de produire des €lectrons polarisés, il faut savoir reconnaitre leur état de
polarisation ce qui est sans doute plus difficile” [7).The spin polarization of an electron beam
can be measured by differential scattering of electrons from heavy atoms such as Au or U
[8]. We shall show here that the total scattering of electrons in a ferromagnetic solid is also
spin dependent and has the potential to lead to a far more efficient scheme for detection of
spin polarization. The efficiency of a spin detector is measured by the accuracy with which
the degree P of polarization along the quantization axis can be measured in a given time [8].

In the case of a ferromagnetic material, it is well known that reflection and absorption
depend on the spin polarization of the incident electron beam, and that this phenomenon may
be used for effective and simple detection of spin polarization [9]. Kisker and coworkers
(10] have indeed constructed a detector for electron spin polarization based on the reflectivity
of a beam of low energy electrons incident along the surface normal of Fe(100) that is
superior by one order of magnitude to previous devices based on spin orbit scattering of
electrons. With this spin detector, new applications of electron spectroscopy in, e.g.,
probing spin polarization of core levels have become more practicable [11]. We show that
further improvement in detection of electron spin polarization by one order of magnitude can
be achieved if transmission of low energy electrons through ferromagnetic material is
observed instead of reflection and/or absorption.

The spin dependence of the transmission of low energy electrons through ferromagnetic
materials has been studied previously [12,13]. It is now clear as will be shown below that it is
governed by the spin polarization of the holes in the d-bands of transition metals, hence the
spin dependence of the transmission directly measures the magnetization. To observe transmis-
sion of electrons through ferromagnetic metals, ultrathin ferromagnetic samples have to be
prepared. This art has been greatly developed in the recent past, and therefore an extremely
efficient detector of spin polarization may now be realized based on the spin dependence of

291



electron transmission. The detector is applicable to spin polarized electron spectroscopies in
general. In conjunction with techniques derived from optical pumping in solids, spin dependent
transmission of electrons may also be used for measuring the magnetization in an ultrathin film.
S.F. Alvarado has shown that this can be done with nanometer resolution if a tunneling
microscope tip is used for injection of electrons [14].

SPIN DEPENDENT TRANSMISSION OF ELECTRONS IN FERROMAGNETIC
MATERIAL

The dominant processes by which electrons at within 15 ¢V from the Fermilevel Er loose
energy in a solid are electron-electron scattering and perhaps electron plasmon scattering. The
total scattering cross section for inelastic processes is obtained from the measurement of the
mean free path A that an electron of a given energy E travels in the solid. A large amount of data
have been accumulated from the overlayer method in which the attenuation of a prominent sub-
strate feature is measured as a function of the overlayer thickness x and fitted with an expo-
nential decay exp(-x/A). It turns out that there is a quite simple behavior for low energy elec-
trons in the range 5 < E < 15 eV above Er independent of the chemical nature of the transition
metal [15]. The total inelastic scattering cross section is given by ¢ = 1/A. The experimental
results obtained in many laboratories are well reproduced by the equation

O =0p+ 04 (5-n) (1

O4(5-n) is the scattering into the unoccupied d-states; 5 is the total number of d-states available
to one spin state and n the number of occupied d-states. Oy is a constant accounting for inelastic
scattering other than into the holes of the d-states, for example into s-p-states or surface and
interface states. The noble metals Cu, Ag and Au have full d-bands (n=5) and therefore 0 =0,
is small as 0.6 nm-l. On the contrary, the early transition metals such as Gd and Ta have low
occupancy of the d-states and ¢ can become as large as 4 nm-1.

When a transition metal becomes ferromagnetic, the occupancy of the spin up part of the d-
shell increases by An, while the occupancy of the spin down subshell decreases by An. It
follows from eq.(1) that the total inelastic cross section becomes spin dependent according to

o®) =0, + 04[5 - (n(1)An)] 2)

where o) is the cross section for majority (minority) spins. For the bulk of the material,
An can be calculated from the Bohr magneton number np obtained in conventional magneto-
metry according to ng = n* - n" = 2 An, because the contribution of s-p-electrons to the
magnetization is small.

Eq.(2) postulates that electrons travelling in a magnetic material will change their initial spin
polarization Pg = (J* - J-)/(J* + J°). The new spin polarization P after transport over the
distance x is given by
_J +exp(-otx)—J exp(—6x)
J* exp(=0tx)+J" exp(-07x) (3)
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If Po«« 1, th'at is J-/J* = 1, this yields

P=Py+a 4)
where the spin polarization a acquired in transport over the distance x is given by

a = {[exp(c - - 6*)x]-1}/{[exp(0 - - 6*)x]+1} (5)
For x = e, 2 = 1 since (6 - - 6*) > 0, but the transmitted intensity — 0. Hence there is an
optimum thickness for the measurement of a.
EXPERIMENTS WITH Fe AND Co ON W(100)
The 3d-transition metals Fe and Co grow epitaxially on W(110) surfaces with the easy direction
of magnetization in plane [16]. The absence of noticeable island formation is warranted by the

fact that the surface energy of the W(110) substrate is higher than the one of Fe and Co, hence
an energy gain arises by spreading Fe and Co as much as possible on the W surface.
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Furthermore, the energy distribution curves of the photoelectrons excited from the valence
bands of W(110) exhibit a sharp feature at a binding energy of ~ 2.9 eV below the Fermi
energy Er The attenuation of this sharp feature on depositing overlayers of Fe or Co yields the
desired information on the total scattering cross section in the overlayer. Any magnetic domain
structure in the ferromagnetic Fe and Co overlayers is removed by applying a magnetic field
pulse in the easy direction prior to each measurement. Fig. 8 shows spin resolved energy
distribution curves obtained at the photon energy hv = 16.85 ¢V with clean W(110), and with
2,4, 6, 10 and 20 overlayers of Co. It is seen that the electrons excited from the W(110)
orbitals at a binding energy of ~ 2.9 eV can be clearly identified up to 10 layers. It is further
clear that the Co films are magnetic at room temperature (300 K) where the measurements were
done, even from 2 monolayers on, because the Co 3d-electrons at Er are highly polarized. The
existence of the transport spin polarization a eq.(5) is directly evident from the difference in
amplitude of the 2.9 eV peak in the spin resolved spectra (shaded areas). Since the background
intensity under this peak is smooth and flat, it can be readily subtracted. These general pheno-
mena are also observed with Fe on W(110) but the background is somewhat less favorable as
evident from Fig. 9 in which the spin resolved energy distribution curves of 3 and 6 overlayers
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of Fe on W(110) are shown at hv = 16.85 eV. Therefore, in the case of Fe the evaluation of a
is less reliable.
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Fig. 10:

Transport spin polarization a(x) vs thickness
x of the ferromagnetic material for Fe, Co and
Ni. The calculated curves are for T = 0K,
whereas the data points were obtained at

T = 300 K. Squares denote Fe data, diamonds
Co.

0 l 2 3 4 [nm]
Fitm thickness

In Fig. 10 we show the observed transport polarization a vs the thickness x of the magnetic
overlayer. The experimental data agree well with the a(x) calculated from the enhancement of
the low energy cascade polarization observed in the ferromagnetic transition metals [15). In
the case of Fe, a has a tendency to be lower than expected. To discuss this one has to re-
member that the calculations are for T = 0, and that for a few monolayers of Fe, the Curie-
point T¢ is not very far from room temperature, whereas in the case of Co ultrathin films, T¢
is considerably higher [17]. Yet deviations from the predictions of the simple model larger
than the experimental error occur really only with the thickest overlayer of Co were back-
ground subtraction is uncertain as can be seen from Fig. 8. The data point obtained by
Pappas et al. [12)with Fe on Cu at x =0.7 nm is a = 0.16, also taken at T = 300 K and with
approximately the same electron energy above Ef. This is roughly 2 times lower than ex-
pected from eq(5). However, Fe on Cu(100) is known to be exhibit the fcc structure for
which various magnetic properties up to nonmagnetic have been reported [17]. Taking into
account the quoted experimental uncertainties one can say that the simple model eq.(5)
accounts well for the observations.

DETECTION OF SPIN POLARIZATION

It is now clear that ferromagnetic films are spin filters transmitting preferentially majority
spin electrons. This can be used to detect the degree P of spin polarization of the transmitted
electrons along a quantization axis given by the direction of magnetization of the film. The
figure of merit of a spin detector is S2 - I which is approximately proportional to the inverse
time it takes to determine P with a preset accuracy. S is the asymmetry in detecting the 2 pos-
sible spin states. For the ideal spin detector S2.1=1, and for the one based on reflection of
electrons [10,11] from Fe(001) $21 = 10-3. In transmission, S = a(x), and I = 2¢-0.X |
where G is the spin averaged total cross section for electron transport through the ferro-
magnetic film, hence the figure of merit a2l depends on film thickness x. Fig. 11 shows a2l
for Fe, Co and Ni. We see that the optimal film thickness is 5, 8 and 14 monolayers (ML) of
Fe, Co and Ni with figures of merits as high as ~ 0.07, ~ 0.06 and ~ 0.01 respectively,
hence at least one order of magnitude more than with detectors based on reflection of elec-
trons, and two orders of magnitude more than with detectors based on differential spin orbit
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scattering. Co is particularly attractive as one can use a film as thick as 8 ML and still achieve
almost the same figure of merit as with S ML of the more delicate Fe. Alloys of Fe and Co
would presumably offer the best choice. The reason why Co is so favorable is the fact that
compared to Fe, it has much less majority spin holes, yet still a large number of minority
spin holes so that the spin independent scattering cannot assume the leading rle as in Ni.
Furthermore, the Co-films generally have a high T¢ so that the thermal decrease of the
surface magnetization is not seizable even at ambient temperature and, quite importantly, the
life time of the Co surface is one order of magnitude higher than the one of Fe. The simple
model provides helpful guidance in looking for the best spin filter material which might
ultimately be found to be an oxide.

Fig. 12 shows how an electron spin polarization detector based on electron transmission
could be realized. The principle closely follows the one of the Si surface barrier detectors,
the only difference being that the thin gold film at the surface is replaced by an ultrathin

Fig. 12;

Example of a possible spin detector
assembly. The thick line is the
ferromagnetic spin filter, the dotted
materials are gold contacts. VRET is a
potential to retard (or accelerate) the
electrons prior to spin filtering. The
principle of the measurement of the
electron current is taken from Silicon-
surface-barrier detectors.
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ferromagnetic film consisting, for instance, of 8 monolayers of Co. A magnetic field can,
but does not have to be permanently applied perpendicular to the film surface. The longi-
tudinal magnetic field would have the electron optical advantage that the incident electrons
could be retarded or accelerated without loss to an energy at which the spin filtering effect of
the ferromagnetic film is optimal.

The ferromagnetic film is deposited onto an outer gold ring contacting it to the housing of the
detector assembly. In the inner region where the detector accepts the incoming electrons, the
ferromagnetic film is deposited either directly onto insulating material, or if needed with an
intervening diffusion barrier. The insulator carrying the ferromagnetic spin filter is contacted
on the back side to the preamplifier over a thick layer of gold. In this way, an accelerating
voltage can be applied across the insulator carrying the spin filter which helps to effectively
collect or even amplify by electron-hole-pair production the current reaching the preamplifier
input. In this way, the electrons that have been transmitted by the ultrathin ferromagnetic
film and thus have been filtered according to their spin state could be counted or measured
with great efficiency. The essential part really is the ferromagnetic spin filter after which any
of the known electron or current detectors can be used. For instance, a multichannel plate
positionned after the semiconductor or insulator carrying the spin filter could provide posi-
tion sensitive detection of spin polarization which is of great value in spin resolved electron
spectroscopy. The life time of the ferromagnetic film could be prolonged by passivating its
surface with a material in which electron degradation and absorption is weak.
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EMITTANCE MEASUREMENTS ON A 100 keV BEAM FROM A
GaAs PHOTOCATHODE ELECTRON GUN

Bruce M. Dunham, Lawrence S. Cardman, and David A. Engwall
Department of Physics, University of lllinois at Urbana-Campaign

and

Charles K. Sinclair
CEBAF

We have measured the emittance of a 100 keV DC electron beam emitted from
an NEA GaAs photocathode. The measurements were made after the beam had
passed through a Mainz style spin manipulation system. Emittances were
determined by measuring the electron beam profiles with a wire scanner as the
strength of an upstream solenoid pair was varied. Measurements were made for
a number of optical wavelengths, beam currents, and optical beam diameters at
the photocathode. A "tophat" optical beam profile was used for all
measurements. The results demonstrate that, for wavelengths longer than 633
nm, the effective transverse thermal energy of the photoemitted electrons is a
factor of three lower than from a thermionic cathode operating at 1160K.
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BEAM WAS CHOPPED FOR MEASUREMENTS, TO
MAINTAIN LOW AVERAGE POWER AT THE
FARADAY CUP.

TEN BEAM PROFILES WERE MEASURED FOR
EACH OF SIX SOLENOID CURRENTS. BOTH
VERTICAL AND HORIZONTAL PROFILES
MEASURED.

BEAM PROFILES MEASURED WITH A WIRE
SCANNER - 50 MICRON DIAMETER GOLD PLATED
TUNGSTEN WIRE - STEPPER MOTOR WITH 15.88
MICRON/STEP MOTION (11.23 MICRON MOTION
IN VERTICAL AND HORIZONTAL PLANES)

MEASUREMENTS MADE FOR FOUR OPTICAL
SPOT SIZES (1.00, 1.33, 1.70, and 2.00 mm
diameter); FOUR OPTICAL WAVELENGTHS ( 514,
633, 710, and 840 nm); AND MANY BEAM
CURRENTS UP TO 1.30 mA.
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ESTIMATED ERRORS AND THEIR CONTRIBUTION
TO THE UNCERTAINTY IN THE MEASURED
EMITTANCE

Error Source Magnitude  Contribution to
Emittance uncertainty

Beam Energy ~0.1% 0.0032 ¢

Solenoid to

Wire Scanner ~2mm 0.004 ¢

Distance

Solenoid Magnetic  ~2% 0.030 ¢

Field

Solenoid Effective ~ 2% 0.016 ¢

Length

Wire Scanner 0.011 mm 0.010

Step Size

Summary: Ae = 0.053¢ + 0.010
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EMITTANCE GROWTH AT LOW CURRENT NOT
UNDERSTOOD.

EGUN CALCULATIONS USING THE 5-RAY MODEL
AND A CATHODE TEMPERATURE OF 37 meV
REPRODUCE OUR LOW CURRENT EMITTANCE
VALUES, BUT PREDICT ONLY A 5% EMITTANCE
GROWTH AT 5 mA, 10% AT 10 mA.

PROBLEM MAY BE DUE TO THE VERY SMALL
BEAM SIZES IN THE ELECTROSTATIC BENDS.

MEASUREMENTS PLANNED AT CEBAF WILL USE

A SIMPLE STRAIGHT BEAMLINE, ELIMINATING
THE ELECTROSTATIC BENDS.
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Ems = 4(<x2><x'2> - <xx'>2)1/2

Compare this to a thermionic cathode operating at a
temperature T (Maxwellian distribution), for which:

<X2> = r/4

<x'2> = KT/(mc2p2y2)

<xx'> =0
This gives:

e = (2ro/BY)(KT/mc2)

For example, at T = 1160K, kT = 0.1 eV.

With a 1 mm radius cathode, and at 100 kV (By = 0.655),
we obtain egms = 1.35 mm-mrad
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Using our measured 95% emittance values, we find:

Wavelength (nm)

514

633

710

840

£95% (Mmm-mrad) KT (meV)

1.30 +/- 0.04 88 +/- 2
(+/- 6)
0.84 +/- 0.03 35 +/- .5
(+/- 3)
0.80 +/- 0.03 32 +/- .6
(+/- 3)
0.76 +/- 0.02 31 +/-.5
(+/-3)

where the smaller errors in the thermal energy are
due to statistics in beam radius determination, and
the larger-error in parentheses include the full

instrumental errors
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EGUN MODELS

3-RAY: DIVIDE EACH RAY LEAVING THE
CATHODE INTO THREE RAYS, WITH THE
CURRENTS IN THE RATIO OF 1:2:1. THE
CENTRAL RAY HAS NO THERMAL ENERGY,
WHILE THE OUTER RAYS EACH HAVE kT. THIS
UNDERESTIMATES THE TRUE EMITTANCE.

5-RAY: DIVIDE EACH RAY LEAVING THE
CATHODE INTO FIVE RAYS, WITH THE
CURRENTS IN THE RATIO OF 1:9:0:9:1. THE
OUTER RAYS HAVE 2 kT, THE INNER HAVE KT,
AND THE CENTRAL RAY IS ABSENT. THIS
OVERESTIMATES THE TRUE EMITTANCE.
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SUMMARY

AT OPTICAL WAVELENGTHS SHORTER THAN
633 nm, THE MEASURED EMITTANCE
CONTAINING 95% OF THE BEAM CURRENT IS
APPROXIMATELY A FACTOR OF THREE
SMALLER THAN THAT FROM A THERMIONIC
EMITTER OPERATED AT 1160 K. (RE-ANALYSIS
OF THE DATA USING RMS VALUES FROM THE
MEASURED BEAM PROFILES GIVES HIGHLY
SIMILAR NUMBERS FOR THE EMITTANCE AND
EFFECTIVE THERMAL ENERGY.)

THE EMITTANCE WAS OBSERVED TO BEGIN
TO GROW AT RELATIVELY LOW BEAM
CURRENTS. THIS IS NOT PRESENTLY
UNDERSTOOD, BUT IS BELIEVED TO BE A SPACE
CHARGE RELATED EFFECT IN THE TOROIDAL
CAPACITOR ELECTROSTATIC BENDS OF THE
SPIN MANIPULATOR. FURTHER
MEASUREMENTS WILL BE MADE AT CEBAF IN A
BEAMLINE WITHOUT THESE COMPONENTS.
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William Spicer
Stanford University

Modern Theory of Photoemission and its Applications to
Practical Photocathodes

Over the last thirty years, the Spicer Three-Step model has provided a very useful description
of the process of photoemission for both fundamental and practical applications. By treating
photoemission in terms of three successive steps -- optical absorption, electron transport, and
escape across the surface - - this theory allows photoemission to be related to parameters of
the emitter, such as the optical absorption coefficient, electron scattering mechanisms, and
the height of the potential barrier at the surface. Using simple equations and established
parameters, the ThreePStep model predicts the performance of cathodes and provides
detailed understanding of the unexpected phenomena that appear when photocathodes are
pushed into new practical domains. As an example, time responses are estimated for existing
cathodes, and are found to cover a range of six orders of magnitude. Further, the time
response is found to be directly related to the sensitivity (i.e., quantum efficiency) of the
cathode. The quantum yield systematically decreases with the time response. Thus, metals
are predicted to have the shortest time response (as little as 10 -13 Jsec) and the smallest

quantium efficiency (as litle as 10-4 electrons per photon), whereas the negative affinity
photocathodes have high yield (as high as 0.6 electrons per photon) but long response times
(as long as 10-9 Jsec). A second application of this theory which will be presented concerns
the charge limit which SLAC has experience with their GaAs sources. Results of Herrera-
Gomez and Spicer will be presented which give a detailed explanation of this pnemomena
and a suggestion made as to overcoming it.
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Why in 1993 are Photocathodes Important?

- Electron beams in vacuum are useful for many
purposes |

- Off all electron sources, Photoemission is unique
in manipulating electrons to give optimum electron
characteristics in vacuum. Examples:

«-Spin polarization (from scientifically
engineered photocathodes)

= Very short electron puises

-« Very sharp energy distribution (~ 50 meV,
compared to 500 meV for conventional

sources)
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Making use of large investments in 3-5 material
technology and knowledge of photoemission

- 3-5 materials can now be engineer to an
amazing extent

- photocathodes can be custom engineer to
fit specific needs
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a=aPE+an

Poo(hV, x,dx) = apel(x)dx



0ce

di(x) = P, (hv, x,dx) PT(hv., x) Pg(hv)

O

Ll Pop(hv, x,dx) = apg(hv) I(x) dx

b . = apg(hv) I,(1-R) e

——————— N

1)

N x

E =
X

X
di(x) = Io(1-R) apg e e L Pg(hv) dx .

For a semi-infinite sléb. the total electron yieldis i(hv)= j:ii(x)

i(hv) = Io(1- R) —EE- Pg(hv) .

a+-
L

For a semi-infinite slab of thickness A, the total electron yield I8 i(hv) = L:ﬁ(x}



W.E. Spicer, Phys. Rev. 112, 114 (1958)
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Electron Scattering Mechanisms

Metal
VL
v
electron-e'l.ectron electron-phonon
scattering scattering
» ~1/2 kinetic energy loss in » small (~0.05eV or less)

every collision (~10%eV) energy loss per collision

electron-phonon scattering dominates when the
precense of the forbidden band gap prevents electon-
electron scattering from taking place (semiconductors
and insulators)

only semiconductors and insulators have high
quantum efficiencies (0.02 to 0.95 elec/photon)

metals have low efficiencies (<0.02elec/photon)
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Negative Electron Affinity (NEA) IPhotoemitters |

Exited electrons
"thermalize" to hot electrons
CBM and diffuse to escape without
thg‘surface B ’,thermalizing
-
—
hv hv
0 U
a
ZPE Pg
Y = __G_l_..
1+4
L
For GaAs NEA
EE'E"’I PEG’I‘ 'l'q'~0.3
a 3 L
1
Y 1x —3 0.25 electrons
1+0.3  photons (can be larger)
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6C¢

Calculation of Response Time of Photocathode

Electron-electron Electron-phonon
scattering dominates scattering domin&ates
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electrons in CBM)
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The Charge Limit Established at
SLAC

Alberto Herrera MOGEL 17/g

At high light intensitiy, photoemission yield has
a striking time spectra, i.e. QY drops strongly
with time

It can be explained by the well
established Surface Photovoltaic
Effect
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The Charge Limit Effect Disoowvered at SLAC

q

PR EPEE SN BT B BPEN BPEE SR B |
0

0 2 4 6 8 10 12 14 16 18
Total ight puise energy (uJ)

There is a limit on the total amount of
electrons obtainable from the cathode.
This is the Charge Limit (CL) effect.

Total electron buneh charge (e)

25% less total charge

0

In some cases it was found that, when
two bunches are closely spaced i time,
the second bunch has less charge.
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Main assumptions used to describe the Ca

» The Photoemission process is based on the Three-Step 1

. Excitation = Esca[\ge —Tran%;to the -

- A fraction of the electrons arriving to the surface get trapj
producing a Photovoltage

ve
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P(E) = 113 P(E)=0
escape! no escapervL
CBM o i
1 P o et
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Summary of Equations

_(z:zq)z
excitation g(r,t)=1alpe * ©/ e *%*  z<activeregion
0 Z = active region{
t t
transport on(r,1) _ g(r,t)-——= n(r ) +D Vzn(r,t)
charging current an(zt) restoring current |
JC (t)=D [ ] J =J thermionic + Jtunnelmg
'| surface charge band Unbendlng S2 S2
|=Sc =J,-J, VL= V"O’zezv
|dt dop
constant E> VL
escape P, =
probability 0 E<VL



Currents in and out of
the Surface

——o—diffusion—0

hfv | \SJVQ |

Jc current charging the surface states

J, restoring currents:
J FE = J,-l field emission
Jth = J y2 thermionic emission

charging = current in - current out
d
EQ =J r— J ¢
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Photovoltage as a function of time. Also shown
are the experimental and calculated electron
response, as well as the light pulse.
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Electron current

o
N -
v

Vacuum level (eV)
o

o
o L |
N

Time(ns) = .
Calculated vacuum level rise when illuminated with
a high intensity light pulse of 65 mJ total energy

Small total
pulse energy

0
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response

24 ns

would be
response

(no PV)
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Time (ns)
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pulse energy
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.....

-Time (ns)

Example of the Charge Limit effect illustrating
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Total electron bunch charge (e)
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Conclusions

- Spicer's Three-Step theory provides a quantitative
description of photoemission

«« can provide Response Times and Yield
estimates for all existing cathodes

-=+ High yields (~0.3 el/ph) come
with slow responses (10-5sec)

.=+ Low yields (~10-4 el/ph) come
with fast responses (10-15 sec)

- Scientifically engineered 3-5 structures, guided by
the Three-Step theory of Photoemission, can
provide optimum photocathodes

 The photovoltaic model, together with the Three
Step theory, explains the Charge Limit Effect found
at SLAC and fits the data well

* To remove the Charge Limit create more interface
states to assist tunneling

-« metalization is one possibility

«« preliminary experiments give
encouraging results ¢ Costelo +Tang)
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Experimental Studies of the Charge Limit
Phenomenon in GaAs Photocathodes*

H. Tang, R. Alley, H. Aoyagit, J. Clendenin, P. Saez, D. Schultz, and J. Turner
Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309

ABSTRACT

GaAs photocathodes have been in use for generating high intensity polarized
electron beams (up to a peak current of 6 A in 2 ns pulses) for the SLC high energy
physics program. If the quantum efficiency (measured at low light intensities) of a
GaAs photocathode is below a certain level, the maximum photoemitted charge is
found to be limited by the intrinsic properties of the cathode instead of by the space
charge limit. We have studied this charge limit phenomenon in a variety of GaAs
photocathodes. The effects of the quantum efficiency, excitation laser wavelength,
and extraction electric field on the charge limit have been examined. The temporal
behavior of the charge limit as manifested in both intrapulse and interpulse effects has
also been studied. These results will be discussed in light of possible mechanisms.

Polarized electrons generated by photoemission from negative electron affinity (NEA)
GaAs cathodes with circularly polarized light have been in continuous use for the SLC high
energy physics programs at SLAC since the spring of 1992 [1,2]. The demand for the highest
possible polarization of the electron beam dictates that the energy of the excitation photons must
be very close to the band gap energy of the cathode material. Operating under such a condition
revealed a new phenomenon in the physics of photoemission from NEA semiconductor cathodes
— if the quantum efficiency (QE) of the cathode is below a certain level the total charge
extractable from a cathode within a short pulse (on the order of a few nanoseconds) saturates to a
limit that is less than what the space charge limit permits [3,4]. As the beam intensity
requirement is very high for the SLC/SLD program, and surely even more so for future linear
colliders, this charge limit effect imposes a significant constraint on the usability of NEA
photocathodes. We report in this note a systematic study on the charge limit phenomenon.

The experiments were conducted by using the Gun Test Facility at SLAC. The facility
consists of a 20 mm cathode aperture diode gun with a loadlock system for easy cathode change,
two pulsed Ti:Sapphire lasers pumped by a frequency-doubled Nd:YAG laser, and an electron
beamline terminating into a Faraday cup. The two Ti:Sapphire lasers are tuned to 865 nm and
775 nm, respectively, and have a FWHM of about 2 nanoseconds. Their spot sizes are adjusted to
>20 mm so that the cathode is fully illuminated in the charge limit studies. Two low power cw
diode lasers of 752 nm and 833 nm, respectively, are used for quantum efficiency measurements
with a spot size of 14 mm centered on the cathode. An optically isolated nanoammeter, a beam
position monitor (BPM), and a gap monitor are used for beam intensity measurements. Unless
otherwise stated, the cathode is always biased at —~120 kV and maintained at a temperature of -5

+ 2 °C. The cathode activation method consists of heat cleaning to 600 °C for 1 hour, Cs
application until the photoyield peaks, and finally Cs and NF3 codeposition until the photoyield
maximizes. The vacuum in the gun is maintained at about 1x10-11 Torr by means of ion and

nonevaporative getter pumping. A large number of strained and unstrained GaAs cathodes have
been studied. In the following we shall focus our attention on two 300 nm strained GaAs
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cathodes doped with Zn to a concentration of 5x1018 cm-3 and 2x1019 cm-3, respectively, which
will hereafter be referred to as cathode 1 and cathode 2.

Before discussing the experimental results, consider an ideal case in which the
photocathode is assumed to respond linearly to light illumination. Figure 1 illustrates in a
simplistic fashion the charge versus light pulse energy behavior for two temporal forms of light
pulses, square pulses and Gaussian-like pulses. For square pulse light illumination, the charge
pulse is also square, and its amplitude increases linearly with light pulse amplitude, or energy,
and eventually saturates to the space charge limit. The corresponding saturation curve is very
simple, consisting of a straight line with a slope corresponding to the quantum efficiency and a
zero slope line in the space charge limit region. For Gaussian-like light pulses, the charge pulse
initially follows the shape of the light pulse, and changes to a truncated, or flat-topped, Gaussian-
like pulse when its maximum amplitude exceeds the space charge limit. The total charge keeps
increasing with increasing light pulse energy even in the space charge limit region due to
increased contribution from the leading and trailing edges of the light pulse. This case is more
rlfiievam to our experimental study because our laser pulses, as shown in Figure 2, is Gaussian

e.

Figure 3 shows a typical charge saturation plot and several charge pulses at various laser
pulse energies measured with the gap monitor for cathode 1. The saturation plot is characterized
by a nearly linear response of the cathode to the laser pulses in the low energy region, and
increasingly nonlinear behavior as the laser energy further increases. The maximum charge is

much less than the space charge limit, which is in excess of 16x1010 electrons/pulse, and the
saturation curve is also drastically different from the space charge limit case as illustrated in
Figure 1(b). Further increase in laser energy in the charge limit region results in a decrease in the
photoemitted charge. The charge pulses shown in the lower panel reveal that as the charge limit
sets in, the later portion of the charge pulse becomes suppressed. As a result, the charge pulse
becomes narrower and peaks at an earlier time. The peak of the charge pulse, however, hardly
shows any increase as the laser energy further increases and remains far below the space charge
limit, which is about a factor of 5 larger than the maximum amplitude in the plot. Thus, it is the
premature amplitude saturation, i.e., in comparison with the space charge limit, and the
suppression of the later portion of the charge pulse that causes the observed charge limit (or
charge saturation) behavior. Figure 4 shows a similar set of saturation plot and charge pulses
measured at a different laser wavelength.

The suppression of the later portion of the charge pulses in the charge limit region suggests
that as a large number of electrons are excited from the valence band into the conduction band
under intense light illumination, the escape probability of the excited electrons is decreased. This
points to an increase in the work function at the cathode's surface. A plausible scenario to cause a
work function increase is the so called photovoltaic effect. As only a fraction of the electrons
arriving at the surface successfully escape, there will be a large buildup of electrons at the
surface under intense light illumination since the dissipation rate through recombination with
holes is limited. The electrons discharge the surface and reduce the band bending in the surface
region, thereby effectively raising the work function and causing the charge limit effect. Herrera
and Spicer [5) have modeled the charge limit phenomenon based on the photovoltaic effect.

Figures 5 and 6 show the evolution of the charge saturation behavior as the QE of cathode
1 varies. Except for a reduced oversaturation effect in the charge limit region as the QE decays,
the overall shape of the saturation curve remains primarily unchanged. In particular, it is noted
that the laser pulse energy required to drive the cathode into charge limit remains about the same.
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We now turn to the discussion on the results from cathode 2, whose doping concentration is
a factor of 4 higher than that of cathode 1. Its QEs measured at 752 nm and 833 nm are
comparable to those of cathode 1. Figure 7 shows a saturation plot along with charge pulses
recorded at several laser pulse energies. In this case, there is no evidence of oversaturation in the
charge limit region, which is in sharp contrast to the results of cathode 1. An examination of the
charge pulses indicate that while indeed the charge pulse becomes narrower and peaks at an
earlier time in the charge limit region, the later portion of the pulse is suppressed to a much
smaller degree in comparison with the case of cathode 1. Apparently, this difference is related to
the different doping concentrations in the two cathodes. A similar set of saturation plot and
charge pulses measured at a different wavelength is shown in Figure 8, and the evolution of the
saturation curve with varying QE is shown in Figures 9 and 10.

Accelerators often require closely spaced (in time) charge pulses for their high energy
physics experiments. For example, the SLC/SLD requires two 2-nsec pulses separated by 60
nsec, while the conceptual Next Linear Collider require many more shorter and more closely
spaced (about 1 nsec) pulses for every macropulse. It is therefore important to examine the
interpulse effect from the standpoints of accelerator sources as well as fully understanding the
charge limit phenomenon. Figure 11 shows two saturation plots of cathode 1 for pulse 2 with and
without pulse 1 which is 56 nsec earlier [6]. The effect of pulse 1 on pulse 2 is rather significant
considering the relatively long time separation. The effect is two-fold: a reduction in the
photoemitted charge and an upperward shift of the laser energy for maximum charge in pulse 2.
The upper panel of Figure 12 shows that the effect of pulse 1 on the amount of charge in pulse 2
monotonically decays with increasing time separation. The lower panel shows that the presence
of pulse 1 mainly affects the amplitude of pulse 2 while leaving its pulse shape unchanged.

Figure 13 shows several sets of detailed interpulse effect data for cathode 1. Several
conclusions may be drawn upon the data. (1) The harder the first pulse is pumped, the greater its
effect on the second pulse. (2) The longer the wavelength (or the smaller the excitation photon
energy) for pumping the second pulse, the greater the effect the first pulse has on the second one.
(3) The time constant that characterizes the decay of the interpulse effect is on the order of 1
usec, which is rather long. However, the interpulse effect for cathode 2 as shown in Figure 14 is
strikingly different in that its decay time constant is orders of magnitude smaller than that of
cathode 1. The interpulse effect is almost completely gone for time separations of >30 nsec. This
contrasting behavior between the two cathodes, which differ only in doping concentrations, is
correlated with their different intrapulse behaviors, i.e., the suppression of the later portion of the
charge pulse (and also the degree of oversaturation) is much stronger for cathode 1 than for
cathode 2. In the photovoltaic model, basically a single time constant that characterizes the
dissipation rate of accumulated electrons at the surface can be used to describe both the
interpulse and intrapulse effect. The strong dependence of the time constant on the doping
concentration can be understood since the primary electron dissipation mechanism for our highly
doped cathodes is holes tunneling to surface to recombine with the electrons [5]. This process is
critically dependent on the width of the band bending region which is in turn controlled by the
doping concentration. In fact, decay time constant as long as 25 sec has been reported for the

surface photovoltaic effect in GaAs materials with a doping concentration of 1x1017 cm-3 or less
[71.

Figure 15 shows that the charge limit for the 865 nm or 775 nm laser pulses is proportional
to the QE measured at 752 nm or 833 nm. It is noted that, while the 865 nm charge limit line has
a zero intercept with the ordinate, the 775 nm line does not. To aid theoretical understanding, it
would be better to correlate the charge limit with the QE measured at the same wavelength, for
QEs measured at different wavelengths do not exactly scale with one another as the cathode's
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NEA condition deteriorates with time. Although Figure 16 shows that QEs measured at 752 nm
and 833 nm scale reasonably well with each other, which imply that thermalized electrons
contribute dominantly to the photoyield, care must be taken to generalize to any wavelength
since the QE measured at very close to the bandgap threshold is more sensitive to changes in the
surface NEA condition.

It is interesting to examine how the charge limit depends on the excitation wavelength.
Figure 17 shows that the wavelength dependence of the charge limit is very weak for high QEs,
and increases considerably as the QE deteriorates. It suggests that hot electrons (as opposed to
thermalized electrons) become increasingly important in contributing to photoemission under the
illumination of intense light as the surface work function rises.

Figure 18 shows that the logarithm of the QE depends linearly on the square root of the
extraction electric field, which is consistent with the Schottky barrier lowering effect [8]. We
may reasonably assume that the excited electrons that arrive at the cathode surface can be
described by an effective temperature. Then, from the Schottky effect data the effective
temperatures for the electrons excited with the 752 nm and 833 nm lasers may be easily
determined to be 205 meV and 198 meV, respectively. The fact that the temperatures for the two
cases are about the same implies that the photoexcited hot electrons are rapidly thermalized to
the bottom of the conduction band and become hotter after traversing the band bending region to
reach the surface. The slight wavelength dependence of the effective temperature may be
attributed to incompletely thermalized electrons.

Finally, Figure 19 shows the charge limit as a function of the cathode bias. It is clear that
the dependence is almost linear and, unlike in the case of QE, cannot be explained by the
Schottky effect. Pulse shape measurements of the charge pulses indicate that the amplitude
depends strongly on the cathode bias, which is responsible for the observed bias dependence of
the charge limit. The fact that the charge limit does not simply depend on the cathode bias
through QE, which is measured at low laser intensity, further illustrates the complicated nature of
the charge limit.

In summary, we have studied the various aspects of the charge limit phenomenon. Charge
limit is characterized by premature amplitude saturation, i.e., below the space charge limit, and
suppressed emission in the later portion of the pulse. These two characteristics may be related
and may simply be different manifestations of the same physics behind the charge limit
phenomenon. The time constant for the charge limit effect to decay depends very sensitively on
the doping concentration of a cathode. The strong dependence of the charge limit on the cathode
bias points to the advantage of operating the electron source at the highest possible voltage if
high intensity beams are desired.

* Work supported by DOE contract DE-AC03-76SF00515.
t Permanent address: Faculty of Science, Nagoya University, Nagoya 464-01, Japan.
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Fig. 1: Charge saturation behavior of an idealized linear-
response photocathode illuminated with two types of light
pulses.
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A.S. Terekhov
Institute of Semiconductors Physics

New Material for Photoemission Electron Source:
Semiconductor Alloy InGaAsP Grown on GaAs Substrate

Epitaxial InyGaj.xAsyP).y layers were shown to be promising for use in polarized electron
sources (PES). By variation of x and y, both thick (of about one micron) lattice-matched
unstrained and thin (of about 0.2 micron) lattice-mismatched strained layers with direct
energy gap from 1.78 eV to 1.92 eV were grown on GaAs substrates. The layers were
chemically treated in a glove-box, loaded into UHV via a loading chamber without exposure
to air, heat cleaned, and activated to the state of negative electron affinity (NEA). The
estimated e-folding lifetime of InGaAsP was much higher than that of GaAs at the same
conditions. Lifetime limitation factors (residual atmosphere and electron stimulated
desorption) are discussed. Strain-induced splitting of the valence band up to 32 me V was
observed in the lattice-mismatched films; this observation gives prospects for the increase of
electron spin polarization beyond the 50% limit. The possibility of using spontaneous
ordering of InGaP alloys grown on GaAs substrates for the increase of spin polarization is
discussed.
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‘New Material for Photoemission
- Electron Source:

Semiconductor Alloy InGaAsP

- Grown on GaAs Substrate

Alexander S, Terekho v

co—-warkers: YL.Alperovich
' Yu.B.Bolkhovityanov
A G.Paulish
~ AS.Jaroshevich

Institute of Semiconductor Physics
pr. Lavrent’eva 13, Novosibirsk 630090, Russia

Outline:
lnGaAsP/GaAs Photocathode:
Advantages and Disadvantages
NEA Sm'!we Preparation 'l‘echni ue
and Setup o 1
Lifetime

Non—ilnéar Effect
Measurements of Straines -
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Strainéd InGaAsP Photocathode
on’ GaAs ‘Substrate

> 00 9.0 0.0 0.0 0.4
OO0

GaAdl@) suhstrate .:‘,"“A 5

Buﬂ'er hier’. In“Ga --‘P. 1 microf/
 Active layer. In,Ga, xAs,P,_, |

unstrained ~1 micron  thick or
strained ~0 2 micron thick

Advantages y
1.Tunable band gap

2. Low dislocation substrate promise higher
th.ickness of st.rained active layer |

3 Wider band gap -
higher NEA and stabﬂzty.
higher QE,
higher maximum current.
,Disadvantage. |

High NEA-value may lead to polarization
loss due to scattering thside BBR.
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Choosing of the Optimal Composition of
In,yGay As, Py Layer for Gads Substrate
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Photocathode Surface Preparation

UHV Setup
Germetic
Transfer
| Vessel
Ne —filled |, ¥
Glove Box{—][ ]
T | Loading Chamber ,
S o ﬂ | Ba.sic Pressure 10" Pa
O Preparation Chamber
'y Basic Pressure 5x10 y°Pa
F—————" '
:mecmn Gun k£ —1
L —.

Surface Preparation Technique:

1. Oxide remuval by HCl-treatment in glove—box.

2, Photocathode transfer to loading chamber
‘without oxidation and pollution in residual
atmosphere.

3, Thermal precleaning in the loadirig chamber.

4, Final thermal ¢leaning in the preparation

chamber (computer controled).

6. Activation by Cs and Og (computer controled

"yo—yo~ procedure).
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Germetic Transfer Vessel

400

Translational |
Movement "

Bellows Based
Translational
Movement Insert

/Moun’dng Flange

v 7

— Metal Cylinder

Photocathode
— Cassette

Gasketing Plate
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Activation Curves
InGaAsP '
107

10°% =

Quantum yield

Lt saal - ‘lv 3

10'-41'] I + 1 o1 s 8 o1 o

0 20 40 60
Time, min

The (alqgvaté;m "yo—yo" curves for (100) GaAs
ahd (111)A Ing 44Gag s4Asg.08 Pogs. The quantum
yiéld peaks corresponding to the first
cesiation of the clean swifaces are marked by
arrows. Note that the first Cs peak InGaAsP
is two orders of magnitude higher than the
- peak for GaAs. e

" fTypical quantum ylelds at\=832.8 nm:
100)GaAs  10-15%. sﬂut activation)
100)GaAs  20—25% (second activation)
111)InGaAsP 10-15%

100)InGaAsP 20-25%
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DC—photocurrent Test
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Non—linear Effect
in Photoemission.
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Measurenents of Elastic Straines
from Quantum Yield Derivative Spectrum
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Final R'emdrks about

4,

I‘%Gax-x Y 1 Y /Ino.aGauiP/ Gads

. Dislocation—free substrate promises mors

thick strained active layer.

Choosing the appropriate values of x and
y it is possible to tune the band gap to
the wavelength of untunable lasers.

NEA photocathodes InGaAsF with

E,=1.8~1.9 eV are much more stable
in comparison with GaAs and may be
recommended for RF-guns.

High NEA-value (&& eV for Ing Ga,,,
promises higher mesinynm photocurrent.

Self—layering effect im In,,Ga,,P
material may lead to valence—band
splitting without elastie strain.

High NEA—value (0.8 eV for Inu_“GawP)
may lead to polarization loss due to
scattering inside BBR.
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“A.S. Terekhov
Institute of Semiconductors Physics

NEA-photocathode Surface Preparation: Technology and
Physics
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NEA-photocathode Surface Preparation:
Technology and Physics

Alexander S. Terekhov

co—workers: V.L Alperovich
V.N.Kuzaev
A G.Paulish
S.V.Shevelov
G.E.Scheibler

Institute of Semiconductor Physics
630090 Novosibirsk, Russia

pr. lavrent’eva 13, Novosibirsk 630090, Russia
Outline:
1. Photoreflectance and photoluminescence are

useful methodes to check electroproperties of
surface during cleaning activation and

degradation.
2.Fermi-level is not pinned on p—GaAs surface
during Cs, Og adsorption.

S.Surface recombination and trap&mg are varied
along "yo—yo~ activation curve together with
electron affinity and band benging.

4.Activation prosedure varies in order to satisfy
specific requirements to photocathode.
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Band Banding, eV

0 01 30 101 30 W1 310 3 10 3
Exposure, L

The evolution of the band bending under
successive deposition of Cs and Opare shown
for the differently prepared surfaces:

(a) untreated surface with a native oxide;
(b) treated in HCl without annealing;

" (c) atomically clean surface after HCI
treatment and annealing in UHV at 650 K

Open and closed circles corresponds to sipt
and SINT structures, respectively.
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clean p-Gads(100) 3
-2 surface
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QUANTUM YIELD
-
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!
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PHOTON ENERGY, eV

Quantum  yield spectra of MBE-gromn SIP'-structure
(1-GaAs/p-GaAs(100)) under suooessive deposition of oesium
(s0lid line) and bxygen (dashed line) on olean surface. The
surface was treated in HCl end annealed at 400°C. The number
of the ocurve ocorresponds to the number of Ce-0, cycle.
Speotrum for the first oxygen deposition (not shown) lies in
the ultraviolet range with photoemission threshold >3.5 eV.
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Photoreflectance spectira of SIP* structure. A reversible
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oscillations at successive depositions of Cs and O, are clearly
~ seen.
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p—GaAs(100)(LPE) annuled at 400°C (°) und
at 600°C (o)

Band Bending, eV
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Successive Deposition of Cs (ML)
and 0p(L)

Evolution of band bending at the p-GaAs(100) surface under
successive deposition of ocesium and oxygen. The surface was
treated in 20:1:1 HpS04:Hp0p:H,0 and annealed at 400°C
(opened circles) and at 600°C (closed circles).
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The plot of PL intensity versus band bending ¢s IOr the first
three cycles of Cs and 0, deposition. The atomically clean
surface is shown by a triangle. Empty and closed circles
correspond to the deposition of Cs and O, respectively. The
evolution of Ipz &and ¢s umder successive deposition of Cs and
0, are shown by arrows. The horizontal dashed arrows show the
transition from previous to the next cycle, the last point of
the previous cycle being the same as the first point of the
next cycle. The highest O, exposures used in the present
experiment are equal to 20 L, 4 L, 2 L for the firsi, second
and third cycles, respectively.
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METALORGANIC CHEMICAL VAPOR DEPOSITION
OF GaAs - GaAsP SPIN-POLARIZED PHOTOCATHODES
S.M. VERNON, K.J. LINDEN, AND E.D. GAGNON

Spire Corporation
One Patriots Park
Bedford, MA 01730-2396

ABSTRACT

High-quality spin-polarized-electron sources for the Stanford Linear Accelerator have been
produced from strained-layer photocathodes. The semiconductor layers have been grown by
metalorganic chemical vapor deposition (MOCVD) at Spire Corporation, with negative-electron-
affinity device fabrication being performed at SLAC. Excellent photoemission yields and
electron polarizations over 90% have been measured, attesting to the quality of the MOCVD-
grown layers, the design of the photocathode structure, and the excellent device processing. This
manuscript gives a basic description of MOCVD as it relates to production of polarized-electron,
strained-layer photocathodes.

INTRODUCTION

Metalorganic chemical vapor deposition (MOCVD) is a technique used to deposit layers
of a material, often a compound semiconductor, by a chemical vapor deposition process in which
at least one of the source chemicals is a metalorganic. The most common example of this
method is growth of epitaxial gallium arsenide (GaAs) from trimethylgallium (TMG) and AsH,.
Basic chemistry of this reaction is shown in equation 1

(CH,),Ga + AsH, = GaAs (solid) + 3 CH, (methane gas) (1)

The process is carried out at high temperature, in the neighborhood of = 700°C, often in
a flowing hydrogen ambient. Pressure in the reaction chamber is typically between 0.05and 1.0
atmosphere. A simplified schematic of an MOCVD system is shown in Figure 1.

BASICS OF MOCVD GROWTH

Reactant gases and metalorganic vapors, diluted in a large flow of high-purity hydrogen,
are admitted to a reaction chamber containing substrates held at elevated temperature. For
growth of II-V materials, this is often in the range of 600 - 800°C. Pressure in the reaction
vessel, typically made of fused silica or stainless steel, is usually controlled at a value between
0.05 and 1.0 atmospheres. The gases are heated by the hot wafers and wafer carrier and
pyrolyze to release their elements. Organic radicals and hydrogen molecules leave the chamber
as gaseous effluents. The process is shown schematically in Figure 2.
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For typical deposition of most ITI-V semiconductors, growth rate is linearly proportional
to flowrate of group III, so long as a large excess of group V is supplied. Growth is most often
carried out in a mass-transport-limited regime, where growth rate is quite insensitive to growth
temperature. At lower temperatures, growth is limited by pyrolysis of incoming species, while
at high temperatures, desorption of surface species limits deposition. These three regions are
shown in Figure 3.

MOCVD STRONG POINTS
MOCVD has demonstrated high-quality, high-purity layer growth of numerous
semiconductors. Excellent uniformity of thickness, composition, and doping are routinely

achieved in many laboratories. Other advantages of this method include

. excellent reproducibility

. excellent control of thin layers, interfaces, composition, and doping
. flexibility to grow strained-layer and/or superlattice structures
. economic, large-area production

. the ability to handle phosphorus compounds

. growth of high-quality layers of all semiconductor materials relevant to
strained-layer photocathodes, such as

- GaAs

- Al(t)Ga(l-x)As

- Ga ,)Ing,As

- AlyGagp.pIngAs
- GaA SI_YPY

- Ga(l-X)I"(X)P

- Ga(l-x)InxAs(l-y)Py

EXPERIMENTAL PROCEDURES

The basic structure grown and studied for this work is shown in Figure 4. In this
structure, all layers are doped with zinc to p = 5 x 1018 cm’. Epitaxial layers are grown in the
SPI-MOCVD™ 100-S reactor, which has a batch capacity of one two-inch- or three-inch-
diameter wafer per run. Growth of the strained-layer photocathode epitaxial structure typically
requires a total time of approximately three hours. Process temperature is = 700°C, with the
reactor pressure being 0.1 atm (76 torr). Typical growth rate is 4 pm/hour. Source chemicals
include trimethylgallium (TMG), AsH,, PH,, and dimethylzinc (DMZ) diluted in H, as the p-type
dopant.
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MOCVD GROWTH OF GaAs, yPy

Control of the composition of GaAs, Py is given by the following equation
(CH)Ga + (1-Y)AsH, + (YP)PH, = GaAsl-,zP,z @)

In general, Y, (gas) = Y, (solid). The ratio, Y, / Y, depends on several parameters, such as
growth temperature, system pressure, reactor geometry, and flow velocity. The following
example is for MOCVD growth of GaAs, yPy, as performed in our laboratory:

Example: Growth temperature = 650°C
Reactor pressure = 76 torr
System = "100-S"
Main H, = § slpm

Ratio of input flows: PHy/AsH, = Y,/(1-Y,) = 3.3
Measured GaAs, Py composition: P/As = Y,/(1-Y,) = 0.3/0.7 = 0.43

Strain in the GaAs active layer is controlled by film thickness, and by lattice constant
mismatch with the underlying GaAs, yPy region. If the stress in the layer exceeds a critical
value, because of excessive thickness and/or mismatch, the layer "relaxes,” forming defects to
relieve lattice strain. Figure 5 shows a theoretical curve of critical thickness versus lattice
mismatch; several compositions of GaAs, Py on GaAs are indicated here.

For a given thickness, as lattice mismatched is increased (in our case, by increasing Y in
a GaAs-GaAs, Py structure), the layer first deforms elastically to the lattice of the underlying
material, in a so-called pseudomorphic region. With increasing strain, the layer is plastically
deformed, until a critical stress level is reached, and the film begins to fail and crack. This
behavior is illustrated schematically in Figure 6.

CHARACTERIZATION

Surface quality is studied by use of Nomarski interference-contrast microscopy; the
surface of a photocathode epitaxial structure is displayed in Figure 7. The "cross-hatch” pattern
reveals the network of misfit dislocations parallel to the interface plane, and is indicative of
partial strain relaxation in the layers.

Carrier concentration is measured by two methods: Hall-effect measurements, and
capacitance-voltage (C-V) profiling. For single calibration layers on a semi-insulating substrate,
Hall-effect data gives good accuracy for highly p-type layers. For complex, multilayer epitaxial
structures, the "Polaron” instrument, using a liquid electrolyte to form a Schottky barrier, can
measure carrier concentration versus depth throughout the material.

Composition of GaAs, (Py is measured by double-crystal X-ray rocking curve analysis
(XRRC). For quick calibration of layer composition, room-temperature photoluminescence (PL)
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gives useful information. The composition indicated by PL is usually about 2 -3 phosphorus
percentage points less than the true value.

Strain level in the GaAs top layer is measured by double-crystal X-ray rocking curve
analysis. This time-consuming measurement, due to the small thickness of the layer, has been
performed on our samples, at the University of Wisconsin, courtesy of Dr. R. Prepost.

CONCLUSIONS

Metalorganic chemical vapor deposition (MOCVD) is a simple, production-amenable
process, which has demonstrated the ability to deposit high-quality strained-layer photocathode
structures. Spin-polarization values over 90% and excellent photoemission yields have been
measured on negative-electron-affinity devices processed at SLAC. MOCVD offers flexibility,
uniformity, reproducibility, layer purity, and good control over complex structures of most any
-V material.

ACKNOWLEDGEMENTS
The authors gratefully acknowledge the many valuable contributions of Dr. Earl Hoyt,

Dr. James Clendenin, and Dr. Richard Prepost, and financial support from the Department of
Energy.

401



rumpms i [Cremer ]

Effluent

Bepport Rod
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Figure 3  Growth rate versus temperature in a typical MOCVD process.

Strained GaAs Active Layer » 0.1 to 0.3um

Constant Composition GoAs; 4Py
2 to Sum thick
Y~0.20-0.30

Graded Composition GaAsyPy
2 to Sum thick
Y =0 Graded to Y ~ 0.20 - 0.30

GaAs Buffer 0.3um
R —

GaAs Substrate

932243

Figure 4  Design of the strained-layer photocathode epitaxial layers used in this work.
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M. Yoshioka
KEK

Development of Photocathode Injectors for JLC-ATF

Japan Linear Collider (JLC): The JLC is a e+e- linear collider to cover the c.m. energy range
of up to 500 GeV with a peak luminosity of SE33/cm2/s. The electron source of JLC-I must
be able to produce 55-90 intense electron bunches separated by a spacing of 1.4, 2.8 or 5.6 ns
with a rep. frequency of 150 Hz. Each bunch consists of 0.7 - 1.5 E10 electrons. Accelerator
Test Facility (ATF): an accelerator test facility is constructed to study the accelerator physics
and technical problems of linear colliders at KEK. It is mainly consisted of an 1.5 GeV S-
band injector linac and a damping ring to produce multi-bunch, extremely low emittance and
flat beams. Photoinjectors: In order to produce multi-bunch beam, a thermionic gun with a
fast grid pulser is under developed. An alternate way to produce multi-bunch beam using
laser triggered photocathodes has been also studied, which is an RF-gun. A preliminary
experiment was performed by using a single cell S-band cavity with 40 MV/m and the
bunched beam was extracted successfully. After that, we concentrate our efforts to study
how to reduce the dark current of the high gradient cavities and how to develop the long life
photocathode. Also a polarized gun using GaAs-A1GaAS superlattice has been developed
under the collaboration with Nagoya University and NEC Inc. A test bench to evaluate the
performance of the cathode has been constructed, which is composed with a gun (100 KV
DC) and Mott analyzer. Present status of these studies will be reported.
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Effect of Radiation Trapping on Polarization of
Photoelectrons from Semiconductors

M. Zolotorev, A. Kulikov, and J.E. Clendenin

Stanford Linear Accelerator Center
Stanford University, Stanford, California 93409

Abstract

Radiation trapping is a well known effect in semiconductors as well as in atoms.
Polarization of atoms by optical pumping is recognized to be limited by radiation
trapping. The possibility that the polarization of photoemitted electrons from III-V
semiconductors will be limited by radiation trapping is discussed.

Introduction

Polarized electron sources based on photoemission from p-doped III-V
semiconductors are now widely used in accelerators and other applications [1]. An
extensive literature is available showing that the maximum polaﬁzation for unstrained
materials under optimum conditions should be 50% [2]. This result is easily seen from
an examination of Fig. 1 which shows relative transition probabilities (derived from
Clebsch-Gordon coefficients) between the top of the valence band (P3/2 symmetry) and
the bottom of the conduction band (S1/2 symmetry). For example, if the crystal is
illuminated with right circularly polarized light (o +) with wavelength near the band gap
[3], the electron polarization, Pe, will be

_mom _Y6-y2
P‘-n1+n¢-1/6+]/2- V2. M

However, as was noted some time ago [4], the experimental data from all sources showed
that the achieved polarization was distributed in two main groups, one centered at ~45%
and the other at ~30%. The source of this depolarization was not completely understood.
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Several models have been proposed to explain this deploarization, including
interaction with the lattice, surface effects, interaction with surface Cs deposits, and
doping effects. No single model proposed to date explains all the data.

Radiation trapping, which is discussed below, is a well known effect in
semiconductors as well as in atoms. Since polarization of atoms by optical pumping is
recognized to be limited by radiation trapping [5], it is surprising that the equivalent
phenomena in semiconductors has not been discussed as a depolarization factor.

Radiation trapping

Radiation trapping is reabsorption of photons emitted in the transition of electrons
from the conduction to the valence band. The polarization of the emitted light will be a
function of the emitted angle. As a result of the reabsorption of this emitted light,
electrons will be excited into the conduction band spin states with the probabilities given
in Fig. 1. If the size of the material is large enough, this process will result in a drop in
the polarization of the conduction band electrons.

It is well known, that for particles with spin 1/2, the polarization is very stable and is
difficult to change in processes like scattering. From this point of view, radiation
trapping should be the main cause of the depolarization in photoemitters for which the
thickness is at least comparible to the diffusion length, while thin photoemitters should
have polarization close to 50%.

Simple self-absorption model

A complete self-absorption model of the electron polarization in the crystal, which
must include electron, hole, and polarized light diffusion, non-homogeneity of absorption
light, and non-radiation decay, trapping, etc., is first of all mathematically difficult and
secondly we don't yet know many of the necessary parameters. Thus we find it more
useful to develop a semi-quantitative model that will describe this depolarization process
in simple terms. |

The inverse lifetime of an electron in the conduction band, 1/7 is given by

Y=Y, +lr,., )
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where 1/, is the probability for electron transition from the conduction to the
valence band with accompanying radiation of a photon. Since the refractive index of the
crystal is rather high, we neglect losses of photons through the surface of the crystal. The
second term on the right of Eq. (2), 1/7,, , represents all other possibilities for an electron
to leave the conduction band. We divide these possibilities into two general processes,
neither of which result in emission of photons energetic enough to excite electrons into
the conduction band. Thus we let

I/an = 1/TD + l/TL » (3)

where 7, the average time for conduction-band electrons to diffuse to a surface, may be

approximated by

Tp=—0. 4)

Here D is the diffusion coefficient for electrons in the conduction band and d is the
thickness of the crystal. It is assumed that d<<(surface area) 12 Electrons at the surface
not escaping to vacuum are assumed to be trapped in surface states without
accompanying radiation.

Electrons diffusing into the bulk of the crystal can be trapped in intermediate energy
states created by impurities and other processes. The probability for these processes,
/7, , can be expressed in terms of D and the electron diffusion length, I;:

D

1, =—.
/=12

)

We make the simplifying assumption that in steady-state conditions, the density of
electrons in the conduction band is uniform. '

With this assumption, a set of 2 rate equations describing the electron population of
the polarization states in the conduction band can be written:
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' . (6)

4t 121, 127

The first term of the equatations describes population change of the states with electron
spin up and down orientations. The second term represents decay of the states. The next
two terms characterize radiation traping: 7/12 and 5/12 are the probabilities that the light
emitted in radiation decay of particular spin state will exite an electron into the same state
or into the oposite state respectively. The right side of the equatations represents the
absorption of the right circularly polarized light (o +) generated by an external source.
All numerical coefficients are derived from the transition probabilities shown in Fig. 1.

The steady-state solution to these equations gives the electron polarization, Pe, as a
function of 7, /7,

P=—c| ———| )

Using Egs. 3, 4 and 5 one can obtain:

T, 1 1 2 1
—L=1|—+—|=1,D| 5+ | 8
an r(TD TL) 'D(dz 1127) ( )

For a very thin crystal, d goes toward zero, thus the parameter 7,/7, goes toward
infinity, and consequently Pe goes toward -1/2. On the other hand, for a thick crystal,

2/d2 can be neglected in Eq. (8), and thus the polarization reaches a value <50%. For the
case of thick GaAs at room temperature, 7, /7, ~ 1 for doping concentrations >1018 cm-3
[6]. Thus for thick GaAs, |P,

approaches a saturated value of ~0.3.

For thick crystals, we can examine the dependence of the polarization on doping
concentration and temperature. For high doping, both 1/7,and 1/t, are proportional to
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doping concentrationc [6). Thus for highly doped crystals, Pe to first order should be
independent of doping concentration. The temperature dependence is discussed next.

Temperature dependence

Experimentally it has been observed that the depolarization in thick semiconductor
cathodes has a strong dependence on temperature. From Eg. (8), it is clear that for thick
crystals, the temperature dependence of Pe is given by the temperature dependence of
Tr/tL. The probability for radiation decay, 1/7,, is proportional to the hole density, nx:

l/t, = An,. €))

The hole density is given by the Boltzman distribution for ionized acceptors,

E4

n,=Ne ", (10)

where N A is the acceptor concentration, €, the acceptor ionization energy, and T the
temperature of the crystal. Thus, as the temperature is lowered, the radiation lifetime
increases.

For high-doped material, to first order 7, has no strong dependence on temperature.
It is assumed that 1/7, depends on the density of empty impurity states near the top of
the band gap. The probability that at a given temperature an impurity state will be
occupied is governed by the Boltzman distribution for that temperature. For band gap
energies on the scale of 1 €V, i.e., for all III-V crystals, the states near the top of the band
gap remain unfilled for all practical temperatures, and thus 7, as stated is essentially
independent of temperature. Thus as the temperature is lowered, the radiation lifetime
increases resulting in less radiation light and consequently less depolarization of thick
photocathodes.

Thus for thick crystals, the temperature dependence of Pe is given solely by 7,.
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Comparison with experiment

Polarization measurements would be expected to conform to the model developed
above only in the case of an NEA surface. An approximate guide to the affinity of the
surface is given by the quantum efficiency, QE, defined as the ratio of emitted electrons
to incident photons in vacuum. For highly doped GaAs, the electron scattering length as
well as the depletion region width at the surface are ~10 nm, while the photon absorption
length and diffusion lengths for GaAs are about 1000 nm. Thus for an NEA surface, ~1%
of the conduction band electrons originate in the depletion region. Only these "hot"
electrons can escape to vacuum when the surface barrier is high. Thus if QE <<1%, the
surface is PEA. In this case, the measured electron polarization should be high regardless
of crystal thickness or temperature. On the other hand, if QE >>1%, then the surface is
NEA, and the measured polarization should follow our model rather closely. For QE on
the order of 1%, one would expect some variation in the measured polarization that will
depend on the details of the actual surface barrier.

A survey of representative polarization data for III-V crystals is given in Table 1.
This data includes most if not all the published measurements of Pe for semiconductor
photocathode polarized electron sources presently being used with high energy
accelerators. The average of the 4 polarization measurements that can be associated with
thick crystals is 0.3130.04, while the average of the 11 measurements using thin crystals
or crystals operated at or near cryogenic temperatures is 0.4530.03, consistent with the
conclusions of reference 4 mentioned earlier.

For NEA unstrained GaAs, the electron polarization given by Eq. (7) is plotted in Fig.
2 as a function of crystal thickness for several temperatures. For this curve, the
temperature dependence for thick crystals is assumed for thin crystals as well. Also
plotted is the experimental data of reference 11. It can be seen that the agreement
between the measured values and the model is quite good. The distribution of measured
polarization values in two main groups as mentioned earlier appears to be primarily the
result of a distribution of crystal thicknesses and temperatures govemed by practicality.
Although this model simplifies a number of physical details, nevertheless it is sufficient
to explain semi-quantitatively the polarization data available to us.
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Table 1. Survey of Polarization Measurements?
athode Thick- Growth Face Dopant Concen- Temp- Max.  Tech- Ref.
Material ness Tech- tration erature Polar- nique
(um) niqueb (cm-3) X) ization
GaAs Bulk 77 043 Mot 789
Bulk 300 ~03 Mot 789
GaAs 0.2 MBE 111 Be 6x1018 300 49 10
0 MBE 100 Be to 300 45 10
0.5 MBE 110 Be 4x1019 300 41 10
GaAs 09 MBE 100 Be 5x1018 300 041 Mou 11
0.7 MBE 100 Be 5x1018 300 043 Mou 11
0425 MBE 100 Be 5x1018 300 048 Mot 11
0.2 MBE 100 Be 5x1018 300 049 Mort 11
GaAs  >380 100 Zn 5x1018 300 036  Moller 12,13
>380 100 Zn to 2x1019 t00.4 Moller 12,13
GaAsP  "thin" 100 Zn 4x1019 300 044 Compton 14
AlGaAs 0.3 MBE 100 Be 5x1018 300 043 Mot 15
GaAs Bulk Zn  ~1x1019 0312 Mott 16
GaAs Zn 1.3x1019 10 045 Mon 17,18
GaAs 325 Buk 100 Zn 300 0.27 Indirect 19,20,21

a A blank is used in the table below when the information isn't given in the indicated

reference.

b "Bulk” is the process for growing thick crystals. Individual monolayers can be added to

an appropriate substrate by molecular beam epitaxy (MBE). MBE active layers are

almost always "thin" in the context of this paper.
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Fig. 1. Relative transition probabilities between J=3/2 and J=1/2
symmetry states.
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Fig. 2. Polarization vs. thickness. The solid line is a plot of Eq. (7) for
several temperatures. The data points are all from reference 11.
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Abstract

In this paper we present measurements of the initial
longitudinal energy spread AEj, of electrons emitted by a
Ing 46Gag 54As.06P 94-photocathode with current densities up to
20 mA/cm?. Furthermore we present a method of measuring
the mean transverse energy (E,,) making use of adiabatic in-
variants for the electron motion in a decreasing longitudinal
magnetic field. It was successfully tested with an electron beam
emitted by a thermocathode and will soon be used to mea-
sure (E_Lo) for the photoelectrons, expected to be considerably
smaller than for thermal electrons.

1.INTRODUCTION

High quality electron beams needed for electron cooling devices are
characterized by small temperatures T} = m((vf) — (v))?) and T, =
B:((v3) — (v1)?). These can be reduced significantly by using a cold semi-
conductor photocathode with negative electron affinity (NEA) instead of
a thermocathode employed in present devices and by accelerating these
electrons adiabatically [1]. In the last few years it was demonstrated by
different groups {2,3] that continuous currents of about 1mA, needed for
an electron cooling device with a photocathode, where the beam diameter
is 2mm [4], can be produced with a lifetime of several weeks. If the semi-
conductor photocathode is precleaned in a separate chamber and brought
into the ultrahigh vacuum gun chamber using a fast entry lock system [2],

446



reproducible quantum efficiencies (QE) of about 25% are reached without
problems.

However, no systematic measurements concerning the initial longitudinal
energy spread AEj, = \/<E|2|o) — (E)jo)? (that influences Tj) and the ini-
tial mean transverse energy (E,,) (that influences T',) of the electrons
emitted by a semiconductor photocathode were published until now. In
contrast to a heated thermocathode, where AEjo = (E19) =kpTeas , it
will be shown in this paper for current densities relevant for an electron
cooling device that the energy spread of electrons emitted by a NEA-
photocathode is not only determined by the temperature of the cathode
T..:n but also strongly dependent on the NEA condition.

2. LONGITUDINAL ENERGY DISTRIBUTIONS AND AE),

The experimental setup is presented in fig.1. The photocathode (1) is a
lattice-matched InGaAsP epitaxial (111)A-layer, grown on (100) GaAs by
liquid phase epitaxy and p-doped with Zn to 5-10'®/cm?. It is activated
to NEA by covering it with small amounts of Cs and NF; in ultra high
vacuum. The NEA-InGaAsP-photocathode has a better stability than a
NEA-GaAs-photocathode; according to [2] this is caused by the higher
band gap of E,= 1.89eV (measured by photoluminescence).

S A —— — — S

fig.1: Experimental setup with electron gun and retarding field energy
analyzer (for further explanations see text).

447



The Pierce-electrode (2) with a hole diameter of 2 mm determines the
diameter of the electron beam. The first anode (3) is situated 2mm in
front of the cathode, the second anode (4) is kept on ground potential
- therefore the electron energy is always given by the negative cathode
voltage Ucgin-

After leaving the cathode, the electron beam is guided in a longitudi-
nal magnetic field of B= 1400 Gauss, produced by a pair of Helmholtz
coils. This high field strength ensures that the relaxation of transverse
energy into longitudinal energy is suppressed [1). A 3-plate retarding-
field energy analyzer (5), moveable in transverse direction, is located at
a distance of 4 cm in front of the cathode to measure the longitudinal
energy distribution f(E)) of the electron beam. Using a 25 pm pinhole
in the entrance diaphragm, only a 10~* fraction of the beam is analyzed.
The collector current .., detected on the third plate as a function of the
retarding voltage U,.; on the second plate, gives the integrated electron
distribution curve (EDC). The differential signal is obtained online via
lockin-technique. Both voltages Ucgp, and U,,; were produced by batteries
to avoid voltage ripple and are monitored continuously with differential
voltmeters (accuracy 0.5meV).

1 1

10 ¥ I 1 { 10 S 1S I ] I
/ 2

— 2a 0.4mA/cm Omin— 2
= 0.3mA/cm? zoomm\/‘
-
> 0.2mA /cm? o | 560min—LL
. 10 L_ ”,v‘./ -
- 0.'ma/em? 2000min---—]
S0t b - 3000mind-H—
E
= 107" - -
\\v)
S,

10—1 { 10-2 1 | 1

68 70 72 74 76 64 66 68 70 7.C

Retarding voltage U, [V]

fig.2: Longitudinal EDCs measured for electrons produced a) by
a thermocathode at different current densities and b) by the
Ing 46Gag.54As.06P 94-photocathode at different aging times.
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Prior to the experiments with the NEA-photocathode, the system was
tested with an electron beam produced by a conventional thermocathode.
EDCs for four different currents of the thermocathode are presented in
fig.2a in a semilogarithmic plot. As the gun is operated in space charge
limitation, the mean energy of the electron beam decreases with increas-
ing current: the potential produced by the space charge plasma directly
in front of the cathode acts as a low energy cut-off [5]. Due to the strong
magnetic field, the small current density (maximum 0.4mA /cm?) and the
low kinetic energy (= 7eV) of the extracted electron beam, the energy
distributions f(Ej) of the emitted electrons are not substantially affected
by relaxation processes [1]. Thus we have for the distribution measured
by the retarding field analyzer f(Ey)~ f(E)o) and AE = AE). Therefore
all EDCs have the same asymmetric exponential shape.

As the main part of the longitudinal energy Ej is distributed propor-
tional to exp(-Ej/kpTcan), it is possible to determine kpT 4 ; the de-
duced value of 98 + 2meV is in very good agreement with pyrometer
measurements. The energy spread AE; = \/ (Ef) — (E})? for each curve

is AEj ~ 102meV which also agrees with kpTeqs-

The EDCs of photoelectrons produced by illuminating the photocathode,
held at room temperature, with 30uW emitted by a single-mode HeNe-
Laser (hv = 1.96eV~ Eg) are shown in fig.2b. Again the current densi-
ties are very small (between 3 and 30uA/cm?) so that the EDCs reflect
the longitudinal energy distributions of the electrons leaving the cathode
f(E)~ f(Ey), AEy ~ AEy,. For the measurement shown in fig.2b the
electron gun was operated in the current limited regime (both anodes
are grounded) and the different current densities are obtained after dif-
ferent aging times (indicated in fig.2b) of the activated photocathode.
Aging is caused by pollution of the activated surface by components of
the residual atmosphere which leads to an increase of the vacuum level
(decrease of NEA and QE) that acts as a low energy cut-off. Due to
this aging the photocathode has a so called ’dark’ lifetime of about two
days. Subsequent reactivations to the initial maximum NEA are possible
by recesiation. The left curve in fig.2b (Omin), measured after activating
the cathode to highest NEA and QE, is rather broad (AEj ~ 110meV).
When NEA and QE get smaller, the EDCs become narrower (down to
AE” ~ 48meV).

Comparison of the EDCs shown in fig.2a and fig.2b reveals a basic differ-

ence between thermo- and photocathode: the longitudinal energy spectra
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of the emitted photoelectrons do not have an exponential high energy
slope. Hence the widths AE} of these EDCs are not constant but they
mainly depend on the potential (height of vacuum level) that the elec-
trons have to overcome before they leave the cathode. Only in the case
of very small NEA the slope of the EDC is exponential and T.g, as well
as the photonenergy has a substantial influence on AEj,, for example
AE)o ~25meV at Teatn = 150K and hv=2eV.

The explanation for the non-exponential shape of the EDCs is energy-loss
of the photoelectrons during their transport through the band bending
region. The only problem is to explain this energy loss by inelastic scatter-
ing: neither phonon-emission, nor electron-hole scattering, nor exitation
of surface plasmons in the hole-plasma near the internal boundary of the
band bending region, nor their combination are fast enough to explain the
measured large low energy intensities of the EDCs. To overcome these
difficulties, a strong reflection of the photoelectrons at the surface of the
semiconductor was proposed [6]. This reflection is caused by some very
narrow barrier which lies near the semiconductor surface and may include
the activation layer. By introducing this reflection layer, the energy loss
of electrons in the band bending region can be explained by accumulating
very high path lengths due to multiple reflection at this barrier. With
this model it is possible to explain every measured lineshape of EDCs: it
is only necessary to design a surface barrier with appropriate reflection
and transmission coefficient depending on the electrons energy.
Although this concept is well accepted and has been used by many work-
ers to calculate the emission properties of NEA photocathodes, it is faced
with different problems. If the reflection coefficient is high enough, sur-
face quantized states appear in the band bending region above and below
the vacuum level [7]. The energy positions of these states depend on the
width of the bandbending region and, hence, on the doping level. The
presence of these states must strongly influence the energy loss in this
region and therefore the EDC. However, up to now no one observed some
features from different semiconductor photocathodes that show the pres-
ence of these surface states. Unfortunately direct measurements of the
proposed semitransparent barrier are not developed until now and there
is no experimental evidence for the presence of such a layer.

On the other hand, the measured transformations of the EDCs due to
natural degradation presented in fig.2b and in other publications [8,9]
strongly support the negligible influence of surface reflections on the most
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part of the energy distribution. It is not possible to find any physical
reason which permits to explain the absence of any changes in the most
part of the EDCs when the vacuum level is increased due to surface
contamination. We agree that the lineshape of the EDCs in the vicinity
of the low energy cutoff may be governed by the energy dependence of
surface reflection (or transmission), but this small part of the energy
spectrum does not reflect the energy loss process in the bandbending
region.

The EDCs in fig.2 measured after 2000min an
that for long aging time, when the vacuum level cuts off most part of
the EDC, the residual part of the energy distribution begins to change:
the negative slope of the high energy tail and the probability of the elec-
trons from this energy region to escape into vacuum increases. The same
behavior was observed for GaAs [9]. This transformation of the EDC
shows, that the energy loss inside the band bending region decreases. It
is impossible to explain this decrease by a variation of a ’surface reflec-
tion coefficient’, because the reflection coefficient should increase when
the thickness of the surface contamination increases and the NEA reaches
a value of zero. Therefore we conclude that there is no reflecting barrier
near the surface so that the photoelectrons loose their energy during a
single-pass through the band bending region. To explain the large en-
ergy loss during this pass we propose a new mechanism of transport and
fast energy loss inside the band bending region. It is based on enhance-
ment of phonon emission probabilities due to violation of the momentum
conservation law. This violation is caused by strong continuous momen-
tum scattering of photoelectrons by the unscreened potential fluctuations
of randomly distributed impurities and defects. The amplitude of these
spatial fluctuations is high because the mean distance between impurities
and defects is of the same order of magnitude as the width of the band
bending region (for doping concentrations of 10'® — 10%cm3).

A NNNIin Aamnanaé +
U JUvuv u

We measured the same non-exponential EDCs if the gun with photo-
cathode was operated in space charge limitation. This important result
shows that the electrons do not thermalize in the space charge region
before they leave it. Thus it is very probable that also no thermalization
between the relatively high longitudinal temperature and the expected
small transverse temperature of the electrons occurs in the spacecharge
region.
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One of the aims of these experiments was to determine AE), for current
densities used in an electron cooling device. Therefore the photocathode
(Teatn=150K) was illuminated with 30mW emitted by a single mode dye-
laser (hv=2.2eV), Ugn was set to -100V and the current was extracted
in space charge limitation. Currents of about 1mA were produced with a
lifetime of 10h. This lifetime is sufficient to ensure stable conditions dur-
ing the measurement of the EDCs. Their AE), are plotted as a function
of the current density in fig.3 (dots).
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fig.3: Measured energy widths AEj(e) and deduced original widths

AEjo(o) for different electron current densities emitted by the InGaAsP-
photocathode.

Due to the high kinetic energy Ey;,, relaxation of potential energy [1] in
the accelerated beam already leads to a substantial energy broadening at
current densities as low as 0.2mA /cm?. Thus the originally asymmetric
EDCs displays a Gaussian shape and the measured width AE) is larger
than AE), according to [1]:

(AE) _ (AE)
2Ekin 2Ekin

kBTH — + 2<ERelaz> : 2<ERelaz> — Ce2n§

(ERele) is the mean relaxed potential energy in the rest frame, n the elec-
tron density and C a value between 0 and 1.3, depending on the number
of plasmaoscillations n,,., the electrons experienced on their flight to the

retardation analyzer; C is a constant of about 0.7 for a nonadiabatically
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accelerated beam if n,,. is larger than one [1]. In our setup the flight
time is very short and n,,. is smaller than one for current densities below
10mA/cm?. To determine C, we measured AE) as a function of n for
an electron beam emitted by the thérmocathode using the upper formula
and AEj, = 97meV.

The deduced widths AEj, for electron beams emitted by the photocath-
ode is shown in fig.3 (circles). The situation is very similar to that shown
in fig.2b; if the majority of the electrons lifted to the conduction band
are not emitted because they are prevented from leaving the cathode by
the vacuum level or by the space charge potential, AE), is rather small.
By reducing this potential, the emitted current and AE) increases. Note
that even at current densities of 20mA /cm? A Ejj is smaller than 100meV,
i.e. AEj, does not exceed the initial energy spread of electrons from a
thermocathode. The longitudinal temperature T}, of an electron beam
with energies higher than E,;, ~1lkeV, generated by a semiconductor
photocathode as well as a thermocathode, is therefore determined by
the mean relaxed energy in the beam. This can be strongly reduced
by adiabatic acceleration [1], if the electron beam is guided in a strong
longitudinal magnetic field.

3. MEAN TRANSVERSE ENERGY (E,,)

In a proper accelerated electron beam, guided in a constant longitudinal
magnetic field, the transverse temperature kT, is equal to the initial
mean transverse energy (E o) of the electrons. The great advantage of
a cooled semiconductor photocathode in contrast to a heated thermo-
cathode is a small (E,); if the tangential component of the electrons
momentum is conserved when they cross the interface between crystal
and vacuum (like in UPS and XPS experiments), (E ) is expected to be
as small as 1meV due to the small effective mass of the electrons inside
the semiconductor [7].

All experiments concerning (F, o) [7,10,11,12] measured the angular dis-
tribution of the emitted electrons but could not take into account space
charge effects in the electron beam. Their results differ extremely (1meV
< (Ep) < 120meV) and were never compared with measurements of
the well known (E o) of a thermocathode. We have developed a tech-
nique for measuring (F o) with an accuracy of 3meV independently of
any spacecharge and relaxation effects.

For these measurements the dista?ce between cathode and analyser (see
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fig.1) is increased to 26cm. Moreover, the longitudinal magnetic field B,
produced by three pairs of magnetic coils, decreases in a defined way (see
fig.4) from B, (at the cathode position) to B, (at the analyzer position).

12 ]I 1 | | I} | ' |
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1.0 4 a=10 |

0.249 cathode analyzer

a=0.5
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0 S 10 15 20 25

z {em)
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fig.4: Different field structures used for an adiabatic expansion of the
electron beam.

The ration & = B,/Bj can be varied between 1 and 0.5 with By = 1400G.
As the electron beam expanse adiabatically [13], the mean transverse
energy (E,) divided by B is a constant of motion. Adiabatic expansion
means, that the change in the magnetic field acting on the electron during
one gyration orbit is very small compared to the total field so that the
spiral length A, = 22— of the electron divided by the magnetic field B,

- 2xmy,

is much smaller than dB/dz:

dB, A
&) B
From the energy conservation law (E. o) + (Ejo) = (EL) + (E}) it fol-
lows that the mean longitudinal energy of the electron beam at the an-
alyzer position (Ej,) increases proportional to (l-a): (Ej.) — (Ejp) =
(1 — a)(ELio). The change of the mean longitudinal energy (Ej;,) — (Ej,o)
can be measured with an error smaller than 1.5meV and thus (F,¢) can
be deduced.
In fig.5 (Ej4) is plotted as a function of B,/By for two different tempera-
tures of the heated thermocathode, T, =1070K (o) and T, =1150K (o).
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From the slope of the fitted curves it is possible to deduce (E () with an
error of 3meV, which is in very good agreement with kpT,,; for both
curves. Corresponding measurements of (E o) for InGaAsP- and also for
GaAs-photocathodes are in progress.
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fig.5: The measured mean energy of the electron beam (E),) is plotted

as a function of B, /B, for two different T, of the thermocathode. The
broken curve would be obtained for (E, o) = OmeV'.
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