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ABSTRACT

Photoemission from several metals was studied with 10 ps laser pulses at 266 nm. The

yield was linear with energy and with area. Quantum efficiencies (q) were determined (up to

10'3 e/photons for samarium), and found to vary as (h^-0)2. 17 also increased with the field.

The field assisted efficiencies were calculated for some metals and confirmed by experiment

for gold, up to surface fields of ~3xlO8 V/m. High charge and current densities, close io

105 A/cm2 from macroscopic areas, were measured or indicated. Results are then related to

applications in accelerators.

INTRODUCTION

Research in new high gradient particle acceleration techniques extends from conventional

accelerator physics into the fields of lasers and plasmas. Novel accelerator concepts such as

the Switched-Power Linac (SPL), originally proposed by W. Willis,1 and pulsed power sources

such as the microlasertron proposed by R. Palmer,4 call for devices which can deliver current

densities exceeding 100 kA/cm2 from a 1 cm2 area with electron bunch lengths of the order of

a few picoseconds. For example the SPL, schematically shown in Fig. I,2 has prototype

parameters3 listed in Table 1. Furthermore, such devices must be efficient and rugged, and

able to operate at high repetition rates. It is difficult to meet these requirements with

conventional electron sources. However, photocathodes driven by short, intense laser pulses

are more suitable for these applications.

Such photocathodes are also considered as electron sources in future colliders. A

variety of proposed high energy accelerators5 and coherent r:"osecond x-ray FELS6 require

electron bunches of extremely low emittance, short duration, high current density and high

*This paper includes material presented by the authors at the Fourth Workshop on Pulse
Power Techniques for Future Accelerators, E. Maiorana Center, Erice, Italy, March 1988.
The research was supported by the U. S. Department of Energy: Contract DE-AC02-
76CH00016.
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Photocalhode Electrons

/
Laser light

Particle bunch

Fig. 1. Principle of the switched power linac (SPL) - It may achieve very high
accelerating gradients by switching an electron burst with a fast laser
pulse, from previously charged photodiodes on the circumference of
a disk structure. The electromagnetic pulse increases in amplitude as
it travels radially towards the center, where it accelerates particles on
the axis.u

TABLE 1. Prototype Switched Power Linac Parameters3

Outer Radius
Inner Radius
Gap ( = disc Thickness)
Phot oca thode Capacitance
Pulse Length
Charging Voltage

120
1
2

20
10
80

mm
mm
mm
pF
ps
kV

Switchable Power
Radial Enhancement
Gap Field
Average Gradient
Current Density
Rise Time

6.4
12
0.6
0.3
100
Few

GW

GV/m
TeV/km
KA/cm2

ps



brightness. These specifications, t g., for an rf electron gun7 (Figure 2 and Table 2) for the

Accelerator Test Facility at Brookhaven National Laboratory (BNL), would impose severe

demands on conventional electron sources. However, Cs3Sb photocathodes in rf cavities have

yielded6 currents of 400 A in ~60 ps from 1 cm2 area, "ith a normalized emittance of 3x10*

mrad and corresponding normalized brightness of -4.0x10" A/m2 rad2. Similarly cesiated

GaAs photocathodes have yielded8 currents of ~75G A in 60 ps from 7 cm2 area. However,

both cathodes suffer from the limited life-time of the cathode, elaborate preparation process

and ultrahigh vacuum requirement. Extension to higher current densities has not yet been

demonstrated.

S-Bond
Wovtguidc

Feed

Photocaihode • » I6ecm

Fig. 2. Section through the rf gun. Except for the waveguide feed the gun is axially
symmetric. The 1 1/2-cells of the gun are 8 cm long.7
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TABLE 2. Parameters of the ATF Gun.7

RF Parameters

RF Frequency (MHz)
Cathode Cell Length (cm)
Second Cell Length (cm)
Radius of Aperture (cm)
Radius of Nose (cm)
Field on Cathode (MV/m)
Peak Field on Wall (MV/m)
RF Power (MWatt)
Cavity Q
RF Phase for Laser Pulse
Final Beam Momentum (MeV/c)

Emittance Parameters

Laser Spot Radius (a in mm)
Laser Pulse width {a in ps)
Charge in Bunch (nCoulomb)
ez at Cathode (mm-mrad)
Aez Due to Self Fields
Aez Due to rf Fields
ez at Exit
Beam Energy Spread [a in keV)
Exit Bunch Length [a in mm)
Exit Bunch Radius (a in mm)
Exit Beam Angular Divergence (a in mrad)

2856
2.625
5.23
1.0
1.0
100
106
5.9
12000
67°
4.7

3
2
1

3.5
6.2
1.4
7.3
17
0.6
4.2
28

We present here the experimental results obtained with metal photocathodes LUuminated

by 4.66 eV photons of 10 ps pulse duration. The decision to use a metal photocathode has

been dictated by the parameter specifications of the SPL (Table 1). Metal photocathodes are

capable of yielding very high current densities, withstanding high fields, have very short

response time, are relatively stable on brief exposure to air and are more tolerant to

contamination.

The metals selected for our tests are also easier to prepare. However, the more stable

metals have higher work functions and usually require near UV photons for reasonable quan-

tum efficiencies.
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In this paper we mention the experimental arrangements and cathode preparations,

followed by the description and discussion of experiments on: emission yield vs area and vs

energy; quantum efficiency of various metals; the relationship between efficiency and work

functions; field assisted efficiency; production of high current density emission. The results and

plans are then related to accelerator applications.

EXPERIMENTAL ARRANGEMENT AND PHOTOCATHODE PREPARATION

The schematic of the experimental arrangement is shown in Fig. 3. The output of a

frequency quadrupled, active, passive mode-locked Nd:YAG laser (Quantel YG-501) passes

through a series of variable irises and attenuators, to yield a laser beam of well defined

diameter and energy. Energy of the beam entering the experimental cell can be measured by

directing the beam into a suitable joulemeter with the movable mirror M.

Nol. Yag Laser

Freq. Quadrupled

4.66eV i lOps \

a
c

o

Z5
t—

O

To Ion Pump Energy Meter

Electrodes

Attenuator

—o—

\

~ Iris

Variable
Plnhole
or Iris

Iris

•+H.V.

Charge
Sensitive
Prp-Anp

Shaper

Scope

P.H.A.

Fig. 3. Diagram of the experimental arrangement
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The experimental vacuum cell consists of a stainless steel 6-way cross. The UV laser

beam enters via a sapphire window. The pressure in the cell can be maintained at 10 -̂10^

Torr with turbo and ion pumps. The electrodes are arranged in the middle of the cell so that

the cathode will be illuminated by the laser beam at a predetermined angle. DC voltages up

to 10 kV can be applied »" the cathode via a resistance of 10-100 Mn. The information about

the electron emission is derived directly from the cathode. The output can be fed into either

a calibrated charge preamplifier, shaping amplifier, and pulse height analyzer, or coupled

directly from the cell to a fast oscilloscope (Tektronix 7104 or a noncommercial scope with a

rise time of 60 ps on loan from Los Alamos National Laboratory). When making measure-

ments directly with the oscilloscope, reflection and other losses have to be taken into account,

because the electrode structure in the test cell is not exactly impedance matched and the

oscilloscopes have a much longer rise time than the light pulse duration.

Two different diode configurations have been used in the measurements. In the first

arrangement," the photocathode consisting of a 4 pm diameter gold coated tungsten wire was

held in the center of a surrounding anode at a coaxial geometry (Fig. 4a) with an anode to

cathode gap of 1 mm. Such thin wires give rise to high electric fields on their surfaces.

Surface field enhancements by a factor of about 1000 over the applied voltage were obtained.

The wire was illuminated obliquely so that the field lines at the emitting area would not be

distorted significantly.

In the second arrangement, the flat metal cathode was held parallel to a flat anode

(Fig. 4b). The cathode was illuminated at normal incidence by the laser light passing through

either a 1 mm hole in the anode, or through a 3 mm diameter hole covered by a fine wire

mesh. The electrode gap for the former arrangement was 2 mm and for the latter

arrangement the gap was variable from 0.5-1 mm. The gaps were chosen so that the field lines

at the emitting area wonld not be distorted significantly by the wire mesh. With the flat

electrode geometry, th J emitting area could be varied over a wide range so that the scaling of

electron emission with area at high current densities could be studied. The materials studied

in this configuration and some of their properties are listed in Table 3.
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Gap< 0.6 t o 3nn

Flat
Cathode

Laser Pu

Phoxocatnode Dia. 5nn

(b)
3nm Anode Aperture With Screen

Copper Screen
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90X TranswssiOn
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Side-view
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Loser Pulse

Fig. 4. Electrode Configurations.

The thin wire cathode is held coaxialJy in the anode. The laser beam
illuminates up to 500 \im length of the wire under the anode.

Tht- flat cathode is held at a variable distance from the hollow anode which
is closed with a fine mesh. The laser beam passes through the mesh for
normal incidence on the cathode.

a.

b.
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Table 3. Properties of Some Photocathode Elements*
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*AESAR 1937 Catalog, Johnson Matthey Inc., Eagles Landing, P.O. Box 1087, Seabrook, NH
03874.

**CRC Handbook of Chemistry and Physics, R. C. Weast, editor (CRC Press, Boca Raton,
FL) 1979.

PHOTOCATHODE PREPARATION

The gold coated tungsten wire cathode, in its fork-like holder, was washed with solvents

and cleaned in hexane before insertion into the vacuum test cell.

The flat photocathodes were made of small sheet metal discs, machined from the desired

metals. The discs were attached to the copper electrodes. The combined cathode and

electrode surface was then lapped with a 1 jtm diamond compound, washed in solvents and

ultrasonically cleaned and stored in hexane topped with N2. The electrodes were assembled

and treated under practical conditions to be expected at accelerators. When setting the

electrode gap on a measuring machine there was a brief 1-2 minutes exposure to air, while wet

with hexane. The assembly was then cleaned with a N2 jet and installed in the test cell in a N2

atmosphere. The cell was then evacuated, baked at - 150°C, and reached a pressure of a few

10" Torr at room temperature.
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To activate the photocathode, the surface is irradiated with our 266 nm UV laser beam

of 3-5 mJ/cm2 (maximum available) for 5-10 minutes before each experiment. We observed

that:

• The quantum efficiencies increased, in some cases, up to four orders of magnitude, after

"cleaning" by the laser beam.

• Green light beams were much less effective.

• During cleaning the pressure in the cell increased.

• The efficiencies decreased slowly with time, when the cathode was not strongly illuminated

during the experiment.

• If the vacuum was poor, the efficiency decreased faster.

• A usable operating time was ~3-6 hours at 2-3x10"° Torr for a 20-30% decrease in yield.

The cathode could be rejuvenated by ~5 min. laser cleaning as described above. We

contributed the deterioration to the formation of layers of residual gas molecules on the

cathode surface. We expect a useful time of 24 hours or more for a vacuum of about 10"10

torr.

MEASUREMENTS AND DISCUSSIONS

1. Proportionality of Electron Yield With Area and With Energy

In order to establish the quantum efficiencies (q) it is necessary to preclude any non-

linear optical and electrical effects from measurements under our test conditions.

The electron yields for various photocathodes materials were studied for different

emitting areas from .05 mm2 to 6 mm2, while maintaining the energy density of the laser beam

constant. An example of yield versus area (to 3.6 mm2) for yttrium is shown in Fig. 5 for fields

of 5 and 10 kV/mm. When the field is high enough to avoid space charge, then the emission

limited yield increases linearly with the area. One may note that the space charge effect is

smaller when the area is smaller.

Proportionality of the yield with laser pulse energy was investigated for a constant laser

beam cross section on the photocathodes. Figure 6 shows the yield versus energy for a gold

cathode at fields of 5 and 8 kV/mm. The response is linear, if the field is strong enough to

avoid space charge for the highest energy of the laser pulse. Multiphoton effects were not yet

apparent at these light intensities.
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Fig. 5. Yield versus illuminated area at 5 and 10 kV/mm for yttrium at a constant light
intensity.
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2. Quantum Efficiencies (n~) of Metal Photocathodes

r} is defined as the number of emitted electrons per photon incident on the cathode. It

can be calculated from the light energy on the cathode, the energy of the photon, and the

corresponding emission limited charge output. The value of the charge is obtained from yieid

versus electric field plots for various light input energies. It is the value where the field is high

enough for the yield to be free of space charge, but not yet significantly increased by field

assisted emission, which is discussed later.

Plots of yield versus field are shown in Fig. 7 for gold and tantalum, which have a low

T) and, therefore, require a high light energy. Figure 8 shows similar graphs for samarium,

magnesium, and yttiium, which have lower work functions and higher IJ. They require a much

smaller light energy for comparable charge outputs.

The quantum efficiencies derived from our measurements for various metals are listed

in Table 4 together with corresponding published values of work function {<f>) for the elements'

and for MgO10, in descending order of 6. Our efficiencies (without field assist) are conserva-

tively stated and could be higher with better surface cleaning. As expected i? generally

increases for .netals of decreasing work functions. Efficiencies exceeding 7x10"* were obtained

for samarium.

3. Quantum Efficiency Dependence on the Work Function

This dependence is illustrated in Fig. 9. The measured values of r\ are plotted versus

(hv-4>)2. where hi/ is the energy of the photon and 4> is the work function of the metal. It can

be seen that there is an approximate linear relationship between 17 and the square of the excess

energy of the photon above the work function. Based on our measurements and conditions,

and using photons of 4.66 eV, we obtain in our units of measurement a proportionality factor

of about 2x10"*.

T) « 2 x 1(T(4.66 - <f>)2 (1)

From this one could predict the T) of other metals, if their work functions are known.
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Table 4. Work Functions and Observed Quantum Efficiencies"

Material

Gold
Tantalum
Magnesium
Yttrium
Terbium
MgO
Samarium

Work Function
(<4eV)

5.r
4.25
3.66
3.1
3.0
2.9
2.7

Measured
Efficiency ij

x(10"3)

.047

.01

.62**

.5

.235

.62

.725

+Effective <t> -4.16 eV in our experiment, see text.
•Electrons emitted per incident photon.

"Probably MgO
Note: UV beam: 4.66 eV; 10 ps; 10 Hz.

The observed deviations in our results from Eq. ? are interesting and some can be

explained. The measured rj for Mg fits better with the work function of MgO, when activated

by UV light,10 rather than Mg, implying the presence of MgO layers on our Mg cathode. This

is entirely feasible since the cathode was briefly exposed to air before being inserted in the

vacuum test cell. The laser cleaning process used here desorbs gases but is unlikely to remove

MgO. The reduction of the effective work function by oxides or other thin films may be

explored by us in the future, including effects on the duration of the electron emission.

The other metals that deviate significantly from this linear dependence are gold and

terbium. In the case of gold, the photon energy of 4.66 eV is smaller than the work function

5.1 eV. According to classical photoemission theory, the quantum efficiency in such a case

should be extremely small. But repeated measurements with gold in differing geometries (e.g.,

gold coated tungsten wire as well as gold sheet metal) and various vacuum conditions, have

yielded rj of up to ~5xlO'5. It would fit on our plot if the work function were 4.1-4.2 eV.
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Fig. 9. Efficiency versus (hv-f)1 for several metals. For gold only the efficiency level
is indicated, h^ • 4.66 eV; $ = work function.

A possible explanation could be the presence of an as yet unidentified energy level in the

conduction band of gold, ~ 1 eV above the Fermi level." Heat produced by the photons may

excite the valence band electrons into this conduction level, and these electrons absorb a

photon to overcome the surface barrier. Since the lifetime of these electrons in the conduction

level is very short, the heating and the absorption of photon can be considered as a single step

process. Another explanation for the high rj may be surface contamination with other metal

or gas atoms.

The reason for the deviation of terbium is still unknown, but may have been caused by

insufficient cleaning. This may also explain the low TJ for tantalum.

Methods of increasing rj by increa-ing the energy of electrons in the metal, would include

heating the cathodes either continuously or by pulsing with I.R. or by excitation with other

light beams; again temporal effects would have to be checked. Collective or resonance effects

or plasmons, as well as multiphoton, photon field effects, and changing the angle of incidence

are other possibilities. On the other hand rj can be increased by reducing the effective surface

barrier potential with electric fields, which will be discussed next.
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4. Field Assisted Photoemission

A. A simplified view. The energy required for electrons in their highest energy state

(Fermi level) to escape from the metal into the vacuum is called the work function <j>, which

in the absence of an external field, is equal in energy to the so-called potential barrier. In our

case this energy has to be supplied by the photon. However, any excess energy of the photon

over the work function increases the kinetic energy of the escaping electron, and can make the

emittance worse. At temperatures above absolute zero, a thermal energy distribution is also

added to the electrons in the metal.

The application of an electric field reduces the height of the potential barrier by increas-

ing the potential energy of the electrons, so thai the work function is effectively reduced

(Schottky effect)12

tf, = ^ - ( e / ^ ) " ^ " 2 ; (2)

where e = charge of the electron; eo = dielectric constant of free space.

Another theory (Fowler & Nordheim),'3 which can explain field emission currents, holds

that by application of an electric fie-d the potential barrier is lowered and narrowed sufficiently

so that some excited electrons can tunnel through the barrier. This increases their escape

probability at all fields, but more significantly at fields above 10' V/m. The photoemission

efficiency in the field emission region could thus be increased by tunneling and the Schottky

effect.14

If the surface has oxide layers or other insulating microparticles on it, then with the help

of the field, the electrons can tunnel through normally forbidden bands in these insulators.

This can produce an effective potential barrier which is lower than for the metal alone.15

In practical applications these processes can overlap, in part because of electron energy

distributions, and because local surface fields can be enhanced unintentionally by orders of

magnitude over the applied fields due to surface roughness, or intentionally by microstructures,

or because the surface has oxides, etc. on it.

A schematic view of surface field effects on the photoemission is shown in Fig. 10

assuming a constant light energy on the photocathode. The first region is space charge limited,

beyond that lies the beginning of the emission limited region, as yet without significant field

assistance. Here one can measure low field quantum efficiencies and emission times.
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Fig. 10. Illustration o." the effect of increasing fields on the photo-electric yield, and
some field enhancing geometries.

Beyond that, at surface fields about 5x10" - 5x10* V/m is the field assisted region, where

the photoemission can increase nearly linearly with the field, (which may have to be pulsed to

avoid breakdown at the higher values, and/or be locally enhanced by cathode geometry or by

microstructures). This region is of interest for electron sources and for switch power

applications or for microlasertrons where such field strengths are expected. Significant field

emission currents should be avoided because of stability and breakdown problems.

Beyond this is the field emission region where the quantum efficiency can be very high.

This region can be used in practice with sharp points, ridges or other microstructures.15

Smooth cathodes would require sub ns very high voltage pulses.
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B. Experimental. If i\ « k(hf-#.)2 and <j>1 is reduced by an amount which varies as

E"2, then one could envision some region of nearly linear increase of 17 with the electric field.

Our experiments seem to confirm tl.is behavior. In Fig. 11 for example the yield vs

field plot for a flat gold cathode shows a small linear increase with field in the emission limited

region. The upper curve, for a higher laser pulse energy, is space charge limited so that the

Schottky effect is not yet active. Our test cell at the time did not permit fields beyond

13 MeV/m.

However, by utilizing a thin gold coated wire cathode (4 pm diam) in the coaxial

geometry of Fig. 4a, with a surface field enhancement of about 1000, surface fields of up to

3x10* V/m were explored. The results are shown in Fig. 12 as plots of yield versus field, with

light pulse energy as a parameter. As was reported earlier,17 the field assisted increase in

yield, after the space charge region, is almost a factor of 2 at all light levels. Furthermore,

within the measurement accuracy, the increase appears linear with the field.

KV/l.05mm

Fig. 11. Yield versus field (up to 9 kV/mm) for a flat gold cathode at two illumination
levels. A small field assistance is apparent for the emission limited case.
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Fig. 12. Yield from a 4 /mi diameter gold coated wire versus high surface fields. A
strong field assistance can be seen at all light energies. The illuminated length
of the wire « 500 pm.

We expect significant field assisted emission also from flat cathodes of metals of lower

work function, to be tested with shorter electrode gaps and/or with high pulsed or rf fields.

One may, however, estimate the efficiencies expected at higher fields, by using the

Schottky effect for lowering <j> (Eq. 1) and our experimental Eq. 2, which relates the efficiency

to an effective <j> as indicated by our experiments. The results are shown in Fig. !3 for graphs

of quantum efficiencies versus fields, up to 10' V/m, for gold, yttrium, and samarium. These

graphs are almost linear in the 107 to 109 V/m region. The curve for gold seems to fit our

experimental data.

The calculated efficiencies at 3xlO8 V/m increase from the low field values e.g., gold

from .5x10^ to 2.7xlOJ; yttrium from 5x10" to 9.8x10"; samarium from 7.7x10-* to MxlO"1.

The values for metals other than gold at these high fields will have to be confirmed by future

experiments.
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Fig. 13. Curves of field assisted efficiencies as a function of high fields catenated for
samarium, yttrium, and gold. Gold is confirmed by our experiment to
-3x10' V/m.

One may note that at very high fields, the calculated efficiencies of high and low <j>

metals become more alike, e.g., at 5x10* V/m, q would be: 2.0, 3.6, and 4.3xlO'3 for the above

three metals, respectively. At these and higher fields the calculated effective work function

becomes negative. It is likely that this and other field effects may impair the validity of the

formulas.

5. High Charge and Current Densities

Metal cathodes with their high electron densities are good candidates for high current

density photoemission even in picoseconds, given sufficient laser pulse energy. The physical

limits of the current density of photoemission for macroscopic areas are not well known.

Other limitations are space charge effects, surface damage by the laser pulse, and field break-

down. The last item will not be discussed at this time except that one has to guard against

local gas or vapor desorption from the cathode by the laser pulses and the photoemission

process. This can lead to avalanches and breakdown. The light intensity has to be well below

surface plasma formation levels.
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Space charge has several unpleasant effects: a) It reduces the effective surface field; b)

In our tests we measure the electron yield as a charge. However, the emission limited charge

given by the low field efficiency TI can only be reached if the field is high enough to overcome

the space charge; c) In calculating the current density from the measured charge, it is assumed

that the electron pulse shape in time, is identical to that of the laser pulse. This assumption

is not valid in the space charge limited reginu sim e the emission from the space charge can

take more time.

The current density scales in our graphs are valid if the fields are high enough to avoid

space charge for each measured charge level. This condition is exceeded -r. the expected

applications, since the fields will be considerably higher for c'hcr reasons.

Although our test cell conditions bsd field limitations, we obtained large charge and

current densities from various cathode materials using a beam size of 0.25 mm.

Figure 14 illustrates the yield and current density versus field relation for samarium,

using a light pulse energy of 1.1 /<J. It can be seen that our maximum field of 13 kV/mm is

just sufficient to get out of space charge conditions. The yield of 170 pC corresponds to a

current density of -34 kA/cm2.

YIELD AND CURRENT DENSITY vs. FIELD

GAP: 0.69mm
BEAM: 0.25mm D!A.

4.66«V.I0ps
NORMAL INCIDENCE

lOKV/mm

Fig. 14. High charge and current densities versus field for samarium.
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Higher light input energies would give more charge and current densities but require

higher fields which we plan to apply in future experiments.

In Fig. 15 we can see the yield versus field plot for a magnesium cathode illuminated

with a more intense laser pulse of 3.1 /J. The emission within our field range is space charge

limited. Under these conditions the yield increases linearly with the field. The slope of the

yield line has the dimension of an effective capacitance (C), or QaVxC.

At our maximum field the measured charge was about 330 pC, which implies a current

density of 66 kA/cm2 for such yield without space charge. Based on our previously measured

quantum efficiency of 6.25x10"*, the emission limited current density for this light pulse energy

would be 84 kA/cm2, if the field were high enough (estimated >25 kV/mm) to be free of

space charge. From these examples and corresponding results with yttrium, it is apparent that

current densities exceeding 105 A/cm2 can be obtained.
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Fig. 15. High charge yields versus field for Mg. The yield is space charge limited. The
scale on the right shows corresponding current densities without space charge.
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Peak charge and current densities are considerably larger than the averaged values used

above, because the laser light is gaussian in space and hyperbolic secant like in time (in

addition to hot spots and other patterns).

So far in our experiment the photoemission process itself does not limit the current

densities. However, there could be other practical limitations. The laser damage threshold for

most metals for picosecond laser pulses is about one Joule per square centimeter.18 In our

case, if we assume a quantum efficiency of 10'3, and a pulse duration of 10 ps, then the light

intensity required to produce a current density of 100 kA/cm2 would be about 10 mJ/cm2.

This would be only one percent of the damage threshold. However, the threshold may be

lower under our conditions. This is presently under investigation.

Current densities of the order of 106 A/cm2 would be feasible at high enough fields as

far as the average light pulse damage threshold is concerned. However other limiting effects

like production of local plasmas due to hot spots in the light, or surface irregularities, or gas

or vapor emission (especially from larger areas and at higher rates), may cause electrical

breakdown and surface erosion. Feedback of electrons, ions, and x-rays may cause additional

problems at high currents. Further experiments are required.

RESULTS, PLANS, RELEVANCE TO ACCELERATORS

The electron yield increases linearly with area (tested up to 6 mm2), and with light

intensity (tested up to 3 mJ/cm2) from flat metal cathodes. Quantum efficiencies up to 10"3

have been observed. The efficiency increases at higher fields of (1 to 5)xlOB V/m expected in

SPL's and in electron guns. (Such surface fields were tested for gold wires where TJ increased

by a factor of about 2.) Other metals were tested up to 107 V/m. It is planned to extend our

tests with pulsed high fields. Other factors improving the efficiency will be explored.

Current densities of 105 A/cm2 can be obtained at fields sufficient to overcome the space

charge (tested with a beam of .25 mm diameter). The required picosecond light intensity is

well below the picosecond damage threshold for metals. The current densities alone seem

sufficient for SPL applications. It exceeds the requirements of electron guns at this time so

that, to improve the emittance, a metal with a higher <f> can be used, or the photon energy can

be reduced.

The extension of our high current density results to larger areas and larger charges

(tested up to 500 pC) remains to be investigated with a more powerful laser and pulsed high
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fields. The applications would also benefit from a shorter pulse duration e.g., 1-5 ps (now

-10 ps FWHM). This increases the current density for the same charge.

In the applications, provisions have to be made for activating and rejuvenating the

photocathodes, either by laser light or by ion bombardment.

One may estimate the laser energy required for SPL gaps of Fig. 1, if the current density

is 105 A/cm2, the emitting area of the cathode ring is 0.75 cm2, and the light pulse duration is

5 ps. Assuming that the quantum efficiency is 103, then the laser energy per SPL gap would

be

(75X103 A) x (5x1012s) x (4.66 eV) I x t x hi/
— ; w 1.75 mJ ss

103 r?

Excimer (KrF*) lasers capable of yielding 1 J in one or a few picoseconds are currently

under construction at Los Alamos National Laboratory, and at Princeton. If these can be

realized, then one laser could energize up to 500 gaps.
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