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Abstract 
Our experience at SLAC with photoemission-based 

polarized electron sources has shown that charge limit is an 
important phenomenon that may significantly limit the 
performance of a photocathode for applications requiring high 
intensity electron beams. In the process of developing high 
performance photocathodes for the ongoing and future SLC 
high energy physics programs, we have studied the various 
aspects of the charge limit phenomenon. We find that the 
charge limit effect arises as a result of non-linear response of a 
photocathode to high intensity light illumination. The size of 
the charge limit not only depends on the quantum efficiency 
of the cathode but also depends critically on the extraction 
electric field. In addition, we report the observation of charge 
oversaturation when the intensity of the incident light 
becomes too large. 

.-- _ I. INTRODUCTION 

Polarized electron beams have been in continuous use for 
the SLC high energy physics program at SLAC since the 
spring of I992 [ 1,2]. The polarized electrons are generated by 
the Polarized Electron Source (PES) consisting of an electron 
gun with a GaAs-based photocathode and a laser operated 
near the cathode band gap. In addition to the requirement of 
high polarization, the SLC program also demands high beam 
intensities, i.e., two 2 ns electron bunches separated by 60 ns 
with up to 10” electrons in each. The gun is operated at 120 
kV so that the amount of charge extractable in the space 
charge limit is about 1.2~10” electrons per bunch for a fully 
illuminated photocathode (14 mm diameter), which is well 
above the desired intensity. If a photocathode responds 
linearly to the excitation light intensity, then, the amount of 
photoemitted charge will increase proportionally with the light 
intensity until the space charge limit is reached. In contrast to 
this expectation, earlier studies [3] indicated that, when the 
quantum efficiency (QE, defined as the ratio of the number of 
emitted elecuons over the number of incident photons) of the 
cathode drops below a certain level, the total amount of charge 
extractable within 2 ns from a fully illliminated cathode 
saturates to a value that is smaller than the space-charge 
,limited value, a phenomenon becoming known as charge limit 
(CL). We report in this paper a more detailed study of this 
nonlinear effect and other important properties in a variety of 
III-V semiconductor photocathodes. 

- II. EXPERIMENTAL 

All of the experiments were performed by using the Gun 
Test Facility at SLAC which is essentially a duplicate of the 
first few meters of the SLC injector. The facility consists of a 
polarized electron gun with a loadlock system for easy 
cathode change [4], a YAG-pumped pulsed Ti:Sapphire laser 
tunable between 750 nm and 870 nm [5], and an electron 

beam line with a beam position monitor, a fast gap monitor 
and a Faraday cup. Very high vacuum is maintained in the gun 
by means of nonevaporative getter pumping as well as ion 
pumping. A residual gas analyzer (RGA) is used to monitor 
the gun vacuum. During normal operation, the total pressure 
in the gun is about 1x10-11 Torr and the CO level is about 
1~1O-l~ Torr. A large number of III-V semiconductor 
photocathodes were studied, including 0.3 p strained lattice 
(high polarization) GaAs/GaAso.76Po.24, 0.3 p, 1 p, and bulk 
GaAs, and 0.3 p Alo.12Gao.8&,, where the thiclcness refers 
to the active layer, all doped with either Be or Zn to a 
concenuation of 5~10’~ to 2x lOI /cm3. The cathodes are 
activated by ftrst heating to 610 ‘C for one hour, then applying 
Cs until the photocurrent peaks, and followed by codeposition 
of Cs and NF3. Two continuous wave diode lasers of 
wavelengths 750 nm and 833 run operated at low power (< 1 
mJ) were used for QE measurements. Unless otherwise stated, 
the cathode temperature was always kept at 0 ‘C. All of the 
data presented below are obtained from the 0.3 l.t strained 
GaAs cathode, whose results are qualitatively representative 
of those of the other cathodes. 

III. RESULTS AND DISCUSSION 

Figure 1 shows the charge versus laser pulse energy data, 
or saturation curve, for the 0.3 p strained GaAs cathode. The 
Ti:Sapphire laser is tuned to a wavelength of 850 nm for the 
measurement. The QE is 1.51% and .57% at 750 nm and 833 
nm, respectively, measured with the laser spot fully 
illuminating the cathode area. The difference in the QE 
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Fig. 1. Photoemitted charge as a function of laser pulse 
energy at a wavelength of 850 nm. 

measured at the two wavelengths can primarily be attributed 
to the different number of photons actually absorbed by the 
0.3 p thick catbode for an equal number of incident photons at 
the two wavelengths. From the figure it is seen clearly that for 
low laser intensities the amount of emitted charge per pulse is 
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linearly proportional to the laser pulse energy. However, the 
dependence quickly becomes nonlinear for higher energies 
and the amount of emitted charge eventually saturates to a 
limit of 7~101~ electrons/pulse. This behavior is consistent 
with the results reported in Reference [3]. As the QE drops 
with time, the charge limit decreases almost proportionally. 

The nature of the charge limit is more clearly elucidated 
in the time resolved electron intensity measurement with the 
gap monitor. Two temporal profiles of the electron bunch with 
low and high intensity laser illumination, corresponding to 
non-charge-limited and charge-limited cases, respectively, are 
shown in Figure 2. At low laser energy, the electron pulse 
shape is symmetric and closely resembles that of the laser 
pulse, indicating that the cathode response to the laser 
illumination is approximately linear. At the high laser energy 
when the charge limit is reached, the electron pulse shape 
becomes asymmetric and peaks at a significantly earlier time 
than the light pulse. This behavior is very different from the 
space charge limit manifested by a flat-topped symmetric 
pulse with the flat top amplitude determined by the space 
charge limit effect. For our gun operated at 120 kV, the space 
charge limit is about 10% higher than the peak in the charge 
limit pulse shown in Figure 2. 
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Fig. 2. Charge pulse shapes for incident laser pulse 
energies at 30 l.rJ (top trace) and 3 @l (lower trace), 
showing charge limit and linear response behaviors, res- 
pectively. The laser wavelength is at 850 nm. 

The decreased photoemission in the later part of the pulse 
as revealed by the time profile in Figure 2 is characteristic of 
the charge limit effect. In the deep charge limit regime, the 
suppression of photoemission after tbe electron pulse peaks 
may be so strong that the electron pulse becomes significantly 
shorter than the light pulse. These results suggest that as a 
large number of electrons are excited from the valence band 
into the conduction band in the cathode, the work function at 
the cathode surface increases and reduces the escape 
probability of the excited electrons. Several models have been 
proposed to account for the induced work function increase 
[6-81. Although at present it is unclear which model is correct 
- and -it is possible that more than one mechanism may be 
responsible- the photovoltaic effect [9] does appear to be the 
primary cause for the charge limit effect. 

To further explore the properties of the charge limit, we 
studied its dependence on the gun high voltage The data 
shown in Figure 3 demonstrate that the charge limit is strongly 
dependent on the high voltage, although less so than the V312 

‘dependence for space charge limit. The almost linear relation 
between the charge limit and the high voltage may be 

coincidental. However, it is clear that the strong dependence 
cannot be explained by the Schottky barrier lowering effect 
[lo], which, as shown below, models very well the voltage 
dependence of QE measured at low laser power (i.e., in the 
linear response regime). 
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Fig. 3. Charge limit as a function of gun high voltage 
measured with a 30 pJ laser pulse at 850 run. 

Figure 4 shows two sets of data in the form of In(QE) 
versus E112 (the square root of the extraction electric field at 
the cathode surface) for two excitation wavelengths [lo]. Both 
can be satisfactorily fit to a linear relation, establishing the 
validity of the following expression: 

QE=(QE)oxexp(OE1’2), (1) 

where 8 is the slope of the linear fit. The reduction in the work 
function due to Schottky effect is proportional to E1’2 1111. 
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Fig. 4. Quantum efficiencies measured at 750 nm and 
833 nm, respectively, versus the extraction electric 
field. The lines are the best fits to the data. 

Therefore, equation (1) demonstrates that the excited electrons 
can be characterized by an effective temperature when 
reaching the cathode surface [12]. For the 750 nm and 833 nm 
excitation photons, we find the effective temperatures to be 
201 meV and 193 meV, respectively. The fact that the 
effective temperatures for electrons excited by the 750 nm and 
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8 3 3  n m  p h o tons  a r e  a lmos t th e  s a m e  shows  th a t th e  exci ted 
e lect rons u n d e r g o  rap id  thermal iza t ion  to  th e  conduc tio n  b a n d  
m in imum, i.e ., th e  r  po i n t, v ia p h o n o n  exchanges  with th e  
lattice, w h o s e  te m p e r a tu r e  is a b o u t 2 3  m e V  a t 0  ‘C . T h e  
the rma l i zed  e lect rons a r e  th e n  acce le ra ted  in  th e  b a n d - b e n d i n g  
reg ion  a n d  b e c o m e  h o tte r  w h e n  reach ing  th e  surface. T h e  
weak  d e p e n d e n c e  o f th e  e ffect ive te m p e r a tu r e  o n  th e  wave -  
l eng th  o f th e  exci tat ion p h o tons  m a y  b e  a ttrib u te d  to  th e  
i ncomp le tely the rma l i zed  electrons.  

T h e  ra th e r  di f ferent vo l tage d e p e n d e n c i e s  exh ib i ted  by  th e  
c h a r g e  lim it a n d  Q E  ind icate th a t Q E  is n o t th e  on ly  impo r ta n t 
p a r a m e te r  th a t d e te rm ines  th e  c h a r g e  lim it, as  sugges te d  in  
re fe r e n c e  [3 ]. In  add i tio n  to  th e  sur face bar r ie r  l ower ing  d u e  to  
S c h o ttky e ffect, th e  ex terna l  fie ld  a p p e a r s  to  a ffect th e  
e lec t ron extract ion e fficiency  critically. 

W e  n o w  discuss th e  e ffect o f th e  laser  wave leng th  o n  th e  
c h a r g e  lim it. W h e n  th e  exci tat ion wave leng th  is c h a n g e d  f rom 
7 6 0  n m  to  8 6 5  n m , th e  c h a r g e  lim it fo r  th e  0 .3  p  s t ra ined 
G a A s  ca thode  (a t - 8  ‘C)  is fo u n d  to  dec rease  by  on ly  a b o u t 
2 0 %  whi le  th e  Q E  as  eva lua te d  f rom th e  l inear  r esponse  
reg ion  in  th e  saturat ion d a ta  dec reases  by  m o r e  th a n  a n  o r d e r  
o f m a g n itu d e . M e a n w h i l e , th e  laser  pu lse  e n e r g y  requ i red  fo r  
ach iev ing  th e  c h a r g e  lim it inc reases by  m o r e  th a n  a n  o r d e r  o f 
m a g n itu d e . T h e s e  obse rva tions  a g a i n  show  th a t th e  exci ted 
e lect rons a r e  rap id ly  th e r m a l & d  with th e  latt ice a n d  th e r e fo r e  
b e c o m e  large ly  ind is t ingu ishab le  a l t hough  a t th e  b e g i n n i n g  
hey  m a y  h a v e  very di f ferent kinetic ene rg ies  d e p e n d i n g  o n  
th e  exci tat ion wave leng th . Thus , th e  c h a r g e  lim it is on ly  
weak ly  d e p e n d e n t o n  th e  exci tat ion wave leng th  m a inly d u e  to  
th e  i ncomp le tely the rma l i zed  e lect rons wh ich  a r e  expec te d  to  
b e  m o th  e n e r g e tic fo r  h i ghe r  p h o to n  ene rg ies . O n  th e  o th e r  
h a n d , th e  n u m b e r  o f inc ident  p h o tons  requ i red  to  ach ieve  th e  
c h a r g e  lim it s t rongly d e p e n d s , as  d o e s  th e  Q E , o n  th e  
wave leng th  b e c a u s e  o f th e  s t rong wave leng tb  d e p e n d e n c e  o f 
th e  o p tica l  a b s o r p tio n  coe fficie n t n e a r  th e  b a n d  g a p . 

Final ly,  w e  show  in  F igu re  5  a  saturat ion plot  with th e  
laser  pu lse  e n e r g y  ex tend ing  wel l  ove r  th e  level  r equ i red  fo r  
ach iev ing  th e  c h a r g e  lim it. It is str ik ing to  see  th a t, a fte r  
r each ing  a  m a x i m u m , th e  p h o to e m itte d  c h a r g e  dec reases  
substant ia l ly as  th e  laser  e n e r g y  fu r th e r  increases.  T e m p o r a l  
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Fig. 5 . P h o to e m itte d  c h a r g e  as  a  func tio n  o f laser  pu lse  
e n e r g y  (a t 7 6 0  n m )  ove r  a n  ex tended  e n e r g y  r a n g e . 

p r o files  o f th e  c h a r g e  pu lses  m e a s u r e d  with th e  g a p  m o n ito r  a t 
var ious  laser  ene rg ies  show  th a t in  th e  oversa tura ted  r e g i m e , 
i.e ., fo r  laser  e n e r g y  g r e a te r  th a n  4  ~ .L I, th e  width o f th e  c h a r g e  

pu lse  dec reases  d r a m a tical ly with inc reas ing  laser  e n e r g y . 
A lth o u g h  th e r e  is a lso  a  smal l ,  b u t obse rvab le , dec rease  in  th e  
pu lse  h e i g h t, it is th e  d e c r e a s e d  pu lsewid th  th a t is pr imar i ly  
respons ib le  fo r  th e  dec rease  in  th e  e m itte d  c h a r g e . T h e  
oversatura t ion  p h e n o m e n o n  fu r th e r  i l lustrates th e  compl ica ted  
n a tu r e  o f th e  non - l i nea r  p h o to e m ission e ffect. 

. 

IV . C O N C L U S IO N S  

In  conc lus ion,  w e  h a v e  stu d i e d  th e  var ious  aspec ts o f th e  
c h a r g e  lim it p h e n o m e n o n . T h e  non- l inear i ty  in  th e  
p h o toca th o d e  response  a t h i gh  laser  intensit ies ar ises f rom th e  
i nduced  inc rease  in  th e  work  func tio n . T h e  s t rong vo l tage 
d e p e n d e n c e  o f th e  c h a r g e  lim it po i n ts to  th e  a d v a n ta g e  o f 
o p e r a tin g  th e  g u n  a t th e  h ighes t poss ib le  vol tage,  fo r  h i gh  
intensity a n d  h i gh  po lar iza t ion e lec t ron b e a m s  a r e  p r o d u c e d  
on ly  in  very th in  ca thodes  wh ich  a r e  a lmos t a lways o p e r a te d  
in  th e  c h a r g e  lim it. 

* Work  s u p p o r te d  by  D O E  con tract D E - A C 0 3 - 7 6 S F O O 5 1 5 . 
t P e r m a n e n t add ress : Facul ty o f Sc ience,  N a g o y a  University, 
N a g o y a  4 6 4 - 0 1 , J a p a n . 
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