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ABSTRACT

High energy physics accelerators and free electron lasers
put increased demands on the electron beam sources. This
paper describes the present research on attaining intense
bright electron beams using photoinjectors. Recent results
from the experimental programs will be given. The
performance advantages and difficulties presently faced by
researchers will be discussed, and the following topics will
be covered. Progress has been made in photocathode
materials, both in lifetime and quantum efficiency. Cesium
telluride has demonstrated significantly longer lifetimes than
cesium antimonide at 10-8 torr. However, the laser system is
more difficult because cesium telluride requires quadrupled
YLF instead of the doubled YLF required for cesium
antimonide. The difficulty in using photoinjectors is
primarily the drive laser, in particular the amplitude stability.
Finally, emittance measurements of photoinjector systems
can be complicated by the non-thermal nature of the electron
beam. An example of the difficulty in measuring beam
emittance is given.

I. INTRODUCTION

The following two sections of this paper cover the basic
photoinjector types and their operational characteristics. The
subsequent section covers the measurement of emittance
using the quadrupole scan technique. Although the quad scan
is a commonly used technique for measuring emittance, in a
photoinjector-based system this technique can lead to
erroneous emittance measurements.
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Figure 1 Basic components of a photoinjector are a laser,  a
photocathode, an rf source, and an rf cavity.

Photoinjectors [1 ], conceptually shown in Figure 1, have
several unique characteristics. A high gradient rf cavity is
used to supply the accelerating field. The high-gradient not
only reduces space charge effects, but the gradient also
enables laminar flow from the cathode through the
accelerator to the beamline. Since the electron beam does not
undergo transverse or axial mixing, a large fraction of the

emittance growth due to space charge can be corrected by a
technique called emittance compensation [2 ]. The high
gradient also allows the extraction of  high charge for closely
spaced pulses resulting in a high average current [3 ].

Since the electron source is a photocathode illuminated
with a laser, the machine designer has complete control over
the spatial and temporal characteristics of the electron
emission process. The gun can directly produce very short
electron pulses limited only by the gun gradient and charge
in the pulse.  For instance, 1 nC from a cathode with a
surface gradient of 30 MV/m will have a 6 ps pulse length.

II. BASIC  PHOTOINJECTOR TYPES

The motivation for the first photoinjector experiment,
shown in Figure 2,  was the need for an electron source that
has an rms emittance of less than 40 π mm-mrad and the
capability of generating greater than 1 A average current.
From the first use of a photoinjector in 1985 [1], many
different systems have been designed to meet the needs of
very different applications. The applications include high-
average-current electron beams, high-brightness source for
free-electron lasers and colliders, high pulse charges for
wakefield accelerators, high-duty factor picosecond high-
energy x-ray pulses, and picosecond soft x-rays by Compton
scattering. The advantage of this source for Compton
scattering is that the drive laser for the photocathode can be
used as the scattering laser. Using the drive laser provides
sub-picosecond synchronization of the electron pulse and the
laser pulse.

Figure 2 The first photoinjector experiment demonstrated
an emittance of less than 30 π mm-mrad at 10 nC, a
maximum 27 nC per 53 ps long micropulse, and 2.9 A
average current for a 6 µs long macropulse. The current
density was estimated to be 600 A/cm2 from a Cs3Sb cathode.

Research is still proceeding on high-average current
machines at Boeing [4 ], and at Bruyeres-le-Chatel [5 ]. The
first demonstration of a high-average current using a
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photoinjector was on the Boeing accelerator. This 25% duty
factor machine has demonstrated an average current of 32
mA at 5 MeV, giving a average beam power of 160 kW. The
macropulse average current was 0.13 A. The beam emittance
was 5 to 10 π mm-mrad for 1 to 7 nC pulse charge.  An
example of the machine located at Bruyeres-le-Chatel is
shown in Figure 3.

Figure 3 Photoinjector at LEL-HF Bruyeres-le-Chatel. RF
cell produces a 2.0 MeV beam at 5 nC with a pulse length of
20 to 50 ps. They have measured 4 π mm-mrad at 1 nC.

Many designs are based on the work done at Brookhaven
National Laboratory at 2856 Mhz [6 ]. A schematic of one of
their 1-1/2 cell guns is shown in Figure 4.

Figure 4 Brookhaven’s 2856 MHz photoinjector operates at 3
MeV and has produced 4 π mm-mrad at 1 nC with a cathode
field of 70 MV/m. The gun has generated 4.5 MeV beams.

The Brookhaven type of gun is being used for advanced
accelerator studies, free-electron lasers, and linear collider
injectors. One of the advantages of operating near 3 GHz is
the higher cathode surface electric fields that can be obtained
relative to operating at lower frequencies.

A new photoinjector operating at 17 GHz has been
constructed at the Massachusetts Institute of Technology.
This gun has 1-1/2 cells with peak surface fields of 250
MV/m and a peak cathode surface field of 200 MV/m. The rf
source is a gyro-amplifier developed at MIT [7 ].

III. PHOTOINJECTOR OPERATIONAL
CHARACTERISTICS

This section covers the operational characteristics of
photoinjectors. This section is covers three topics:
photocathodes, photocathode lasers, and photoinjector
performance.

A. Photocathodes

Photocathodes can be divided into two classes based on
quantum efficiency (QE): low QE and high QE.

Low QE cathodes are characterized by having reduced
vacuum requirements and are relatively easy to produce.
These cathodes fall into two groups, metals and thermionic
emitters.

Many different metals have been considered for
photoinjector cathodes. Copper and magnesium [8 ] are the
most common choices. Other metals that have been
considered are: Al, Au, stainless steel, Sm, Y, W, Zn, Au,
Mo, Ta, Pd, Zr, Ba, Na, Ca [9 ],[10 ]. Measurements of
quantum efficiency vary considerably among individual
researchers. This variation can in part be attributed to
differences in samples, preparation techniques, and
contamination before and during measurements. Also the
UCLA group has reported non-uniform emission occurring
after use in a photoinjector [11 ]. Overall, the measured
quantum efficiency of metals varies from less than 10-8 to 3 x
10-3 near  a wavelength of 250 nm.

The thermionic emitters, LaB6 [12 ] and BaO, have also
been used as cathodes, both heated and unheated. Again, the
measured quantum efficiencies are dependent on many
factors and varies among laboratories. Quantum efficiencies
of greater than 10-4 have been measured. The temporal
response in the picosecond regime for these cathodes has not
been measured.

Another metal cathode being used in the ATF at the
Kharkov Institute is pressed BaNi. They quote a QE of 1.7 x
10-3 [13 ].

High QE photocathodes, in general, require a good
vacuum and have a more sophisticated fabrication procedure.
These types of cathodes can be subdivided into three
categories: multialkali, crystal-like, and GaAs.

The Cs3Sb multialkali cathode was the first cathode used
in a photoinjector. Since then a large number of other
multialkali cathodes have been used, such as CsK2Sb,
AgO:Cs, CsNaKSb, K3Sb,  and NaK2Sb.

Multialkali cathodes have a significant advantage over
metal cathodes. These cathodes have QE’s over 2% at 532
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nm, making the drive laser requirements less stringent.
Unfortunately, since they are used with lower energy
photons, they tend to be very susceptible to contamination
and require 10-10 torr vacuum systems. Because of
contamination issues, these cathodes have limited lifetimes.

The crystal-like cathodes, Cs2Te, CsI, K2Te all require
laser wavelengths of at least 250 nm for quantum efficiencies
over 2%. Their advantage is that they can survive in 10-8

vacuum systems [9],[14 ].  Also these cathodes can be
rejuvenated by heated to 150 C and reused.

Finally, GaAs has been used for many years as a
polarized electron source. KEK plans to use this cathode in a
specially cleaned photoinjector that exhibits almost no
change in impurities and background pressure with and
without rf power [15 ].

There is a wide variety of photocathodes to choose from
based on the system requirements. The photocathode, though
difficult, is no longer a major impediment to using this
technology.

B. Photoinjector Lasers

The key to the stability and reliability of a photoinjector
is the drive laser. The advantage of using a laser is that the
cathode can be illuminated with any temporal and spatial
profile required to optimize the gun performance. Lasers
have excellent temporal stability, with almost all of the
present systems in use having less than picosecond temporal
jitter. Also, if only single pulses are required, a laser can
generate very large energy per pulse  (LLNL NOVA laser
can generate nearly 1 kJ in less than 10 ns).

The remaining difficulty in the laser systems is the
macropulse to macropulse amplitude stability. Achieving less
than 10% amplitude stability is very difficult with present
systems. The technology exists to achieve less than 1%
stability, but not the resources.

Lasers can generate high peak energy in short pulses
easier than long (many microseconds) pulses. It follows that
for long pulse trains a minimum QE of 0.5% is required.

One other issue that can be critical to stable operation is
pointing stability. Since the laser defines the spatial profile of
the emission, the laser must be stably pointed at the cathode.
For example, the large solenoid around the gun region of the
Advanced Free-Electron Laser [16 ] acts to amplify small
transverse spatial variations of the cathode position. This
amplification occurs because of the long distance from the
large solenoid to the first focusing element (2.5 m lever arm).
Even though the cathode diameter is 8 mm, a shift of 100
microns in the centroid  will image to a 25 micron shift in the
middle of the wiggler.

C. Performance Characteristics

Photoinjectors routinely generate greater than 500 A/cm2.
For most systems this current density is limited only by the
field gradient on the cathode or the laser intensity.

Most photoinjectors generate between 1 and 10 nC per
micropulse. Argonne National Lab has generated greater than
50 nC per micropulse.

Electron pulse lengths are limited by space charge effects
in the first few centimeters in front of the cathode. Typically,
less than 10 ps pulses are generated for 1 nC of charge in a
micropulse (in the AFEL 6 ps for 1 nC)

The measured electron beam’s rms emittance varies,
depending on the machine design, between 1 and 5 π mm-
mrad for 1 nC in a micropulse. Some newer designs give less
than 1 π mm-mrad for 1 nC [17 ].

IV. EMITTANCE MEASUREMENTS ON A
PHOTOINJECTOR

Emittance measurements in a photoinjector are
complicated by one of the photoinjector’s advantages.
Because of the rapid acceleration and lack of other beamline
components in the gun region, the longitudinal phase space
of the beam does not thermalize. As a result of the non-
thermalization, different longitudinal parts of the beam
propagate with their own trajectories. This complicates the
analysis of the beam’s phase space ellipse. Commonly used
techniques for measuring emittance, such as pepperpot
technique or quadrupole scans, can lead to erroneous
emittance and phase-space ellipse measurements.

In the first photoinjector experiment, a pepperpot was
used to measure the emittance [18 ]. Because of the
longitudinal variations in phase-space, the emittance was
underestimated by a factor of four. In this section,  I will
describe difficulties in using a quadrupole scan technique to
determine the beam’s emittance.

For a thin lens, the rms unnormalized emittance, εun can
be calculated by fitting the beam spot size xs to the
coefficients of 1/f in the following

[ ]x x L f f x fs un w w
2 2 2 2 21 1= + −min { ( / ) / ( )}

min
ε  ,

where εun is the unnormalized rms emittance, L is the spacing
between the quadrupole and the image screen, f is the focal
length of the quadrupole,  fw is the focal length that gives the
minimum spot size xmin [19 ]. The focal length of a
quadrupole is βγmec/(leB), where β, γ are the relativistic
factors, me is the mass of an electron, c is the speed of light, l
is the quadrupole length, e is the electron charge, and B is the
quadrupole field gradient.

For a thick lens, the spot size xs can be fit using the Twiss
parameters 20 with the following formula,

[ ]x m m m ms un q q q
2

12
2

11 12
22
11

= − +ε γ α β ,

where γq, βq, and αq are the Twiss parameters of the beam at
the quadrupole. The coefficients of the Twiss parameters are
from the Twiss parameter transfer matrix for a thick lens,
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where d is the quadrupole’s axial length and L is the spacing
from the end of the quadrupole to the image screen. Using
the identity βqγq-αq

2 =1, then the rms unnormalized emittance
can be calculated from the coefficients of the fit.

The experimental data and the fit using the Twiss
parameters are shown in Figure 5. The thin lens fitting
procedure was also used on the experimental data and the
results were within 10%. The rms emittance as calculated
from the fit for either the data spot sizes or for the
PARMELA spot sizes is 2.3 π mm-mrad. The PARMELA
simulation gives an integrated rms emittance of 5 π mm-
mrad.
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Figure 5 The data and PARMELA simulation are for a
quadrupole scan with the FWHM taken at a screen 30 cm
downstream from the quadrupole. The electron pulse is 1.9
nC at 17.2 MeV. The beam is produced by a Cs2Te cathode
illuminated by a 8 ps laser pulse.  The laser’s spatial profile
is a 6 mm FWHM gaussian clipped with a circle of 5.2 mm
diameter. The FWHM of each slice at the screen is plotted as
a function of the quadrupole gradient.

The discrepancy in emittance is due to the manner in
which the data is analyzed. Measuring the full distribution of
an image on a screen is susceptible to many errors. In
particular, the correction of data due to baseline shifts and
the non-linear response of cameras, especially at low
intensity, is very difficult. Unfortunately, the rms emittance
numbers are very sensitive to the tails of the distribution. So
instead, many researchers measure an unambiguous
parameter of the spot-size, the full-width half-maximum. As
can be seen in Figure 5, the agreement between the FWHM’s
from the experimental measurement and the FWHM’s from

PARMELA is very good. However, because of the
longitudinal dynamics of different slices, the FWHM
measurement cannot be used to directly compute the beam’s
emittance. In Figure 5, the dashed curve shows the FWHM as
calculated from the rms spot sizes from PARMELA. Now the
quadrupole scan fit gives an emittance close to the calculated
emittance.

The variation of FWHMs at the screen of the individual
slices with changing quadrupole strength is shown in Figure
6. The reason for the discrepancy in emittance is readily
apparent. The ends of the micropulse are focused differently
than the middle of the pulse. The FWHM spot size
measurement is thus complicated by the different
longitudinal portions of the pulse contributing to the FWHM
in differing amounts as the quadrupole is varied.

The minimum spot size is dependent on the cathode
temperature and any residual magnetic field on the cathode.
Thus far, the cathode temperature of Cs2Te has not been
measured. The cathode initial emittance can be inferred by
adding a minimum spot size to the PARMELA spot sizes
(square root of sum of squares). From the experimental data,
this gives an initial emittance of 2.8 π mm-mrad,
corresponding to a transverse energy of 1.2 eV. The partition
of this energy between residual magnetic field at the surface
of the cathode and cathode temperature cannot be
determined.
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Figure 6 The TAPE2 PARMELA  output was processed
by dividing the longitudinal length of the pulse into 11 equal
segments. The FWHM of each slice at the screen is then
plotted as a function of the quadrupole gradient. The fraction
of charge in each slice is shown in the legend. The thick
black line is the summation of all the individual FWHM’s.
To make sure the slicing was done properly, the summation
is compared with the normal output of PARMELA (an
integration over all slices).

Finally, the large solenoid around the cathode region is
the main steering and focusing element in the system. This
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results in the beam’s phase space ellipse being very sensitive
to the magnitude of the solenoid’s field. In the case shown
above, the measured value of the large solenoid’s field was
within 1% (the experimental error was 5%) of the value
predicted by PARMELA. Changes in magnetic field as small
as 1% are easily observable in simulation and have a
significant effect on the beam’s Twiss parameters.

V. SUMMARY

Photoinjector technology has had significant
developments in the decade since its inception. Designs now
span a large range in frequencies and electron pulse
requirements. The photocathode source, though difficult, is
not a major impediment to implementing a photoinjector-
based system. However, the amplitude stability of the drive
laser for the photocathode is an issue.

The measurement of the phase space of the pulse
produced from a photoinjector is not straightforward. An
exact comparison with simulation is required for a thorough
understanding of the phase space of the pulse. For a good
simulation, an accurate measurement of magnetic fields,
photocathode laser profile, accelerating fields, and phasing of
the laser and rf is required. With accurate measurements,
good agreement between experiment and simulation can be
obtained.
A large solenoid around the cathode region is sometimes
used to reduce the emittance of the beam by the technique of
emittance compensation. In these types of photoinjectors, the
transport of the beam downstream is very sensitive to the
location of the electron emission, collinearity of the magnetic
field with the beam trajectory, and the magnitude of the
magnetic field.
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Chris Travier, Steve Kong, John Adamski, Shien-Chi Chen,
Harold Kirk,  Claudio Pelligrini, and Jim Simpson.
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