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Abstract

The “surface charge limit (SCL)” phenomenon in negative
dectron dfinity photocathodes with GaAs-AlGaAs
superlatice and INGaAs-AlGaAs stranedHayer superlatice
structures has been investigated systematicdly. The space-
chargelimited dectron beam with multi-bunch structure
(1.6 A pesk current, 12 ns bunch wicdth and 25 ns bunch
separaion) could be produced from the superattice
photocathodes without suffering the SCL phenomenon. It
has been confirmed tha the superlattice band structure and
heavy p-doping a surface are effective in overcoming the
SCL problem.

1 INTRODUCTION

Recently, polaized dectron sources based on
photoemission from GaAstype semiconductors with
negetive dectron &finity (NEA) surface have become
important toolsin several fieldsof fundamental science. Itis
adso expected that a polarized dectron beam will be an
essentid part of future dectron-positron linear colliders.
Linear colliders require a high intensity beam with a
multi-bunch structure in order to achievea high luminosity
of ~10* cm™?s™. For example, onehundred micro bunches
with a bunch separation time of 1.4 or 2.8 ns must be
produced & 150 Hz repetition rete for the X or C-band
schemein JLC, respectively. Each bunchis assumedto have
morethan ~2 x 10% dectronsin ~ 700 ps bunch width at the
source [1].

The generation of such a dosdy-spaced multi-bunch
beam is not essy due to a so-cdled “surface charge limit
(SCL)" problem. The emission of the conduction band
electronsis strongly suppressed whenan NEA photocathode
is illuminaed with a high intensity laser light whose
photon energy is doseto the band ggp energy. The charge
sauraion leved becomes lower than tha of the space-
charge-limit determined by Langmuir-Child’slaw. The SCL
phenomenon appears aso in multi-bunch beam generation.
For example, the chargeof the second bunchis much reduced
compared to tha of the first bunch for the photocathode of
the straned GaAs with medum doping [2]. Therefore,
deve opment of a new type photocathode which will not
suffer from the SCL phenomenon is a very important

subject. In this paper, wereport on the experimental results
using the superlatice photocathodes which give the
solutions for the SCL problem [3].

2 SURFACE CHARGE LIMIT PROBLEM AND
SUPERLATTICE PHOTOCATHODES

The photoemission process for NEA photocathodes is
shown in Fig. 1 [4]. Some of the excited e ectrons drifting
toward the surface can escape to the vacuumand becomethe
extracted beam (Jegqpe). HOWever, the remainder of them
(Joriace) Aretrapped at the surfaceband bending region (BBR)
and becomesthe surfacecharge (Qo). Thesetrapped electrons
can disappear through another recombination process caused
by thetunneling current of holeswhich penetratethe barrier
potential of the BBR and reachthe surface (J,na)- Therateof
change of the surface charge is described by

Qs
dt

=J J

surface ~ Ytunnel -

If Jgriace > Junne the surfacecharge is being accumulated and
Jescape 1S NOL proportional to the excited €l ectrons. Therefore,
to overcome the SCL problem, the following two
condtions must be satisfied simultaneously by the
photocathode : (1) high tunneling probability of conduction
dectrons against the surface potentid barier (Iow Jgyace)
and (2) high tunnding probability of vaence holes aganst
the surface band bending barrier (high J,ne)-
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Fig. 1 Photoemission process for an NEA photocathode.



If an NEA magnitude is large enough, the surface charge
can be reduced because the current J, ... becomes low. We
noticed tha such a condtion can be satisfied by the
superlattice photocathodedeveloped by our group [5,6]. The
energy level of the conduction mini-bandin the superlattice
is higher (by AE) than the conductionband minimum in the
host materid of the wel layer as shown in Fig. 2. This
hel ps the dectrons keep a higher energy & the surface, and
thus the escape probability will be higher.
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Fig. 2. Energy diagram of aconduction mini-band in an NEA
superlattice.

In order to increase the J,e, the width of the BBR (Wg)
is reduced by increasing the doping density. It is bdieved
that the narrower the Wy, the higher the J,.. becomes, ad
this induces afaster recombination of the trgoped dectrons
with holes[2]. TheBe-doping density of 4 x 10" cm™ at the
surfaceis redlized for the superlattice by the MBE method.

Up to now, two kinds of GaAs-AlGaAs superlattices
(SL-1 and SL-2) and an InGaAs-AlGaAs stranedHayer
superlatice (SL-3) have been examined for this SCL
research. Thetotal thickness of the active layer waschosen
to be ~0.1 um for dl samples to reduce the spin-flip
depolarizetion during the emission process. The doping
density in the interior of dl samples was chosen to be 5
x 10Y om™, since higher doping dso causes lager
depolaization. In order to investigate whether the high
surface doping is effective in overcomingthe SCL problem
for the superlattice, the Be-doping in the BBR of the SL-1
and the SL-3 waschosen to beahigh value of 4 x 10° cm™®,
while that of the SL-2 was chosen to be a medium value of
5 x 10" cm3. A strain of ~ 1% wasbrought into the InGaAs

well layer of the SL-3. The parametersof these samplesare
summarized in Table 1.

3 EXPERIMENTAL SETUP

A Nd:YAG-pumped Ti:sapphire laser system is used asthe
pulsed light source The full widh a haf maximum
(FWHM) of thelaser pulse is6 — 7 nsandtherepetition rate
is 10 Hz. The multi-bunch (4 bunches) laser pulse is
produced using splitters and dday paths. The bunch
separaion is tuned to be 25 ns. The time profile of the
multi-bunch light tran measured by a PIN photodoce is
shown in Fig. 3. The full surface of 14 mm dameter
photocathode is illuminated with the laser light. For each
cathode sample, the pulse laser wavelength is tuned to give
the maximum polarization which is measured by a Mott
polarimeter.
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Fig. 3. Timeprofile of the multi -bunch laser.
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The polaized dectron gun is operated & —70 kV. The
total pressure in the 10™ torr range and the dark current
below 10 nA are maintainedto achieve long lifetime of the
NEA surface. Theelectron beam trgjectories weresimulated
by using the codeEGUN, and aspace-charge-limited current
of 1.64 A a 70 kV bias voltage and a perveance of 0.0884
pprevs werecal culated for our gun geometry. Theamount of
extracted chargefromthe photocathodeis estimated fromthe
average current measured by acurrent meter inserted between
the cathode dectrode and the high voltage cable The
tempord profile of the dectron bunch is measured by a
Faraday cup.

For polarization measurements, a cw Ti:sapphire laseris
used asalight source. A Wien filter is usedto rotatethe spin
polarization vector from the longitudnd to the transverse
direction. Thepolarizationis determined by Mott scattering.
The maximum polaizaion and quantum efficiency
measured for each superlattice sample arelisted in Table 1.

Sample  x y € Ly Lg t AE Surface Inside Surface Pol. QE A
name %) ML) (ML) (nm) (mev) material doping(cm™) doping(cm™) (%) (%)  (nm)
SL.-1 0.0 0.35 0.0 7 11 95 152 GaAs 5x 10" 4% 10'° 69 0.6 748
SL.-2 0.0 0.35 0.0 7 25 102 178 GaAs 5x 10 5x 10'® 67 1.1 739
SL-3 0.15 0.35 1.1 5 11 99 235 InGaAs 5x 10 4x 10'° 73 0.5 743

Table 1. Parameters of the In,Ga, ,,As-Al,Ga, ,,As superlattices.
x : fraction of indium, y : fraction of aluminum, € : strain of InGaAs layer, L, : thickness of InGaAs (well) layer (ML : mono
layer), L : thickness of AlGaAs (barrier) layer, t : tota thickness of activelayer, AE: energy difference between the bottom of
the conduction mini-band in the superlattice and the conduction band minimum in the host material of the well, Pol. :
Maximum el ectron polarization, QE : quantum efficiency at the maximum polarization, A : laser wavelength which gives the

maximum pol arization.



4 RESULTS AND DISCUSSIONS

First, the SL-1 cathode has been tested for multi-bunch
generaion. The charge sauraion curves and the eectron
bunch shapestakenfor different QE states areshownin Fig.
4, wherethetotal charge(laser energy) meansthe sum of the
charge (laser energy) of the four bunches and the QE was
monitored using a low intensity He-Nelaser with a 633 nm
wavelength. For thehigh QE states, thefollowing datawere
obtained (1) The extracted charge increases slowly with
laser energy in the saturated region. (2) The pesk of the
dectron bunch becomes flater and the FWHM becomes
wider. The saurated current of ~1.6 A is same as the
estimaed vaue by EGUN simulaion. (3) No inter-bunch
effect is observed These results show tha the dectron
bunch behavior for the SL-1 is governed only by the
space-charge-limit, that is, the surfacechargeaccumulatedin
the SL-1 is negligible under these experimenta condtion.
Even for thelow QE states, the SCL phenomenon is not
observed for the SL-1 : the amount of emitted charge is
linearly proportiond to the laser energy anddl of the four
bunches kegp the symmetrica shgpes. This means that the
mechanism which determines the QE value is not thesame
as tha which governs the SCL phenomenon. In other
words, thelow QE photocathodehas no directrelationto the
severeness of the SCL problem. This fact is essily
understood if we assume that the hole tunnding effect is
working so well tha it cancds the insufficient tunneing
effect of conduction electronsto vacuum.

Next, the SL-2 cathode has been examined to darify the
important role of the high surface doping. The results are
shown in Fig. 5. For the high QE states, there seemsto be
no significant suppression of extracted charge due to the
SCL phenomenon in the same way as the SL-1. However,
such suppression can be seenclearly for the low QE states,
and theinter-bunch effect is observedin thetemporal profile
of four electronbunches. From the comparisonof SL-1and
SL-2, it is confirmed tha the high surface doping is
indispensable to cancel out the SCL phenomenon.

Finally, we reporton the SCL result for the SL-3 having
an InGaAs-AlGaAsstrained layer superlatticestructureanda
maximum polaizaion of 73%. There occurs no SCL
behavior forthe SL-3, similar to the SL-1. Theresult shows
that the effectsof superlattice band structureand high surface
doping ae avalable not only for a GaAs-AlGaAs
superlatice but dso for an INGaAs-AlGaAs stranedH ayer
superlatice. We bdieve tha the beter polarization
peaformance can be obtaned from this InGaAs-AlGaAs
strainedlayer superlatice by further optimizing the
structure parameters while kegping the good SCL
performance.

5 CONCLUSION

The systematic study of SCL phenomenon was performed
using three kinds of superlattice photocathodes. A space-
charge-llimited dectron beam with multi-bunch structure
(1.6 A pesk current, 12 ns bunch width and 25 ns bunch

separaion) could be generated using a GaAs-AlGaAs
superlatticewith high surfacedoping. Thesimilar result was
obtaned using an InGaAs-AlGaAs stranedlayer
superlattice with high surface doping. We consider a
superlatice with a heavily p-doped surface is the best
photocathode which can produce the multi-bunch dectron
beam required for the next generation of linear colliders. In
order to demonstrate this conjecture, we are stating to
prepare for thenext experimentsto producea high intensity
multi-bunch beam with 0.7 ns bunch wicdth and 2.8 ns
bunch separation.
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Fig. 4. Charge saturation behaviors taken for different QE
states for a GaAs-AlGaAs superlattice with a high surface
doping of 4 x 10"° cm™ (SL-1 sample).
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Fig. 5. Charge saturation behaviors taken for different QE
states for a GaAs-Al GaAs superl attice with a medium surface
doping of 5 x 10'®cm™ (SL-2 sample).
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