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ABSTRACT

We present the experimental resul ts of photoemission studies on t h i n

wires of gold-coated tungsten, held at surface f i e l d s in the range

of 106 to 3xlOa V/m, and i l luminated by 10 ps long, 4.66 eV photon

laser pulses. The wire cathodes arranged coax ia l l y in an anode

experienced a su r f ace - f i e l d enhancement of 102 - 103 over the

appl ied vol tage. We obtained current dens i t ies exceeding 10 kA/cm2

from a 5C u" diameter wire', from a (50x400) im2 area, under

p a r t i a l l y space-charge-l imited condi t ions. The quantum e f f i c i e n c y

for emiss ion- l imi ted cases was in the range of 10 " 5 . For these

cases resu l ts using 50 im and 4 jn diameter wires ind icated l i nea r

dependence of charge density wi th opt ica l energy dens i ty . The

emission also scaled l i n e a r l y with the emi t t ing area. For surface

f i e l d s above 3xlO7 V/m, a twofold enhancement of emission was

observed fo r a t en fo ld increase in the f i e l d .

1. INTRODUCTION

Novel accelerator concepts such as the switched-power linac (SPL) [1] and the micro-
lasertron [2] require current densities exceeding 50 kA/cm2 from 1 cm2 area with electron-
bunch lengths of the order of a few picoseconds. It is difficult to meet these specifica-
tions with conventional electron sources. However, photocathodes driven by short, intense
light pulses from a laser are more suitable for these applications.

Such photocathodes are also being considered more frequently as electron sources in
future colliders. A variety of proposed high energy accelerators [3] and coherent pico-
second x-ray sources [4] require electron bunches of extremely low emittance, short dura-
tion, and high charge densities. CsSb cathodes have yielded [5] currents of 400 A in -60 ps
from a 1 cm2 surface. Similarly, GaAs photocathodes have yielded [6] peak currents of
-750 A in 60 ps from a 7 cm2 area. However, both cathodes suffer from the limited life
time of the cathode, elaborate preparation process and high-vacuum requirement,

more, extension to higher current densities has not yet been demonstrated.

Further-
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Our objective to obtain high-charge, high-charge-density, picosecond electron bunches

influenced our choices regarding the photocathode and the laser. Metal photocathodes were

chosen because of their capability to yield high current densities, fast response time,

comparative ease of preparation and maintenance, modest vacuum requirements and ruggedness.

Gold-coated tungsten cathodes were used in the i n i t i a l experiments because of their inert-

ness to the atmosphere and ready avai labi l i ty as small wires. The work function of gold

ranges between 5.1 and 5.5 eV, and of drawn tungsten wire is - 5.25. A frequency-quad-

rupled, pulsed Nd.-YAG laser was chosen because of i ts relatively large photon energy

(4.66 eV), simplicity of the system to obtain short pulses of 10 ps, and capability to be

upgraded to even shorter pulse durations. The cathodes were maintained at high surface

f ie lds, up to 5x10° V/m, to simulate the operating conditions for SPL's and electron guns.

The following sections describe our experimental arrangement, measurements and results.

2. EXPERIMENTAL ARRANGEMENT

The schematic of the photodiode ce l l s are shown in F igs. 1 and 2. The ce l l s consist of

a t h i n wire as the photocathode and an anode in a coaxial geometry wi th an anode to cathode

gap of 2.5 mm in Cel l 1 and 1 m in Cell 2. DC voltages up to 10 kV can be appl ied to the

cathode via a resistance of 10 - 100 Mn. The informat ion about the e lect ron emission is

derived from the cathode via a capacitor in Cell 1 and d i r e c t l y from the anode in Cell 2 .

This output can be fed i n t o e i the r a ca l ib ra ted charge p reamp l i f i e r , shaping amp l i f i e r and

pulse height analyzer or coupled from the ce l l d i r e c t l y to a fas t osc i l loscope. For these

pre l im inary measurements, gold-coated tungsten wire of 50 i/n diameter was used in Cel7 1 and

a s i m i l a r w i re of 4 urn diameter in Cell 2. Such t h i n wires give r i se to high f i e l d s on

t h e i r surfaces. Sur face- f i e ld enhancements by a fac to r of about 100 and 1000 over the

appl ied vol tage were obtained wi th the 50 un and 4 urn w i res , respec t ive ly . The wires were

i l l um ina ted ob l ique ly so that the f i e l d l ines at the emi t t i ng area would not be d i s to r ted

signif icant ly.

The photons for the photoemitter were derived from a frequency quadrupled Nd:YAG laser,

with a photon energy of 4.66 eV, pulse duration of 10 ps, energy up to 1 mj and a repetition

rate or 10 Hz. The experimental arrangement is shown in Fig. 3. The energy of the light

pulse on the wire was varied using metallic neutral-density f i l t e r s . The illuminated area

on the wire was changed using either a variable pinhole or a lens in front of the experi-

mental ce l l .

The SEM pictures of the two wires magnified 1700 and 10000 times, taken before Instal-

lation in the c e l l , are shown in Fig. 4. Ridges along the wire axis created by the manufac-

turing process can be observed, as well as shallower gold granularities of submicron dimen-

sions. These irregulari t ies can influence the photoemission by enhancing local surface

f ie lds, varying the local incident angle of l ight on the wire, and increasing the light

absorbing area.
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3. MEASUREMENTS AND DISCUSSION

The electron emission for various surface fields and light-energy densities was meas-

ured for both 50 un and 4 UTI diameter wires. The maximum surface fields for these wires

were 5xlO7 and 3xlO8 V/m, respectively. Higher f ields caused H.V. breakdown in Cell 1 and

high dark currents in Cell 2. The maximum light energies (for controlled emission) on about

0.5 rrm length of the wire in Cells 1 and 2 were about 1.2 yJ and 0.5 pJ. Doubling these

energies would cause avalanche-type breakdown even at moderate f ie lds. The rise tine of the

breakdown current decreases rapidly with increasing f ields and l ight intensit ies. To

account for the laser-energy fluctuations, the distributions of laser energy and the corre-

sponding distributions of emitted charge for 400 laser pulses were recorded. The medians of

the distributions were selected as data points.

3.1 Charge output vs. l ight energy

The dependence of charge output on the light energy up to 0.7 uJ from an emitting area

of (50x900) Mm2 for various surface fields is shown in Fig. 5. At the lower f ields electron

emission saturates with increasing l ight energy, indicating space-charge effects. At higher

f ields the curves are almost linear up to an emission of - 4 pC, indicating direct propor-

t iona l i ty between l ight energy and emission.

The same wire was illuminated with a focused beam over an area of (50x400) um2 with

higher energies up to 1.3 yJ, resulting in a fourfold increase in the energy density. We

see from Fig. 6 that again at higher fields the charge emitted is proportional to the l ight

energy, i . e . , nonlinear effects are not yet apparent. The maximum charge obtained was about

26 pC.

Tests at much higher surface f ie lds, up to 3xlO8 V/m, were made in Cell No. 2 on a 4 um

diameter wire illuminated with an unfocused beam via 0.5 mm pinhoies on a wire area of

(4x500) UTI2. The dependence of the charge and current density on the l ight energy for this

wire is shown in Fig. 7. The fields are now high enough to avoid the space-charge effects

seen with the 50 um diameter wire. The output is proportional to l ight energy indicating

once again the absence of nonlinear effects. With this optical arrangement the maximum

current density obtained was 7 kA/cm2. However, with increased optical-energy densities

larger current densities can be obtained.

3.2 Current density

The maximum charge of 26 pC obtained in this preliminary experiment can be used to

calculate the corresponding current density. I f we assume that the electron-pulse duration

is that of the laser pulse, measured to be 10 ps with a streak camera, and the emitting area

is (50x400) um2, then this charge corresponds to a current density of 13 kA/cm2. This is

probably the f i r s t time that such high current densities were obtained from macroscopic



areas. The actual measurement of electron-pulse duration was limited by the 60 ps rise time

of a special fast oscilloscope. However, comparison of measurements of the charge by the

calibrated charge-collection method and the observations of pulse shapes and areas with the

fast oscilloscope support the assumption of an electron pulse width of approximately 10 ps.

We hope that higher photocurrent densities can be obtained below the threshold for breakdown

by improving the quantum efficiency, either with lower work-function cathodes, and/or with

very high surface f ie lds.

3.3 Charge output vs. surface f ie ld

The charge as a function of the surface fields up to 5xlO7 V/m for the 50 ijn wire is

shown in Fig. 8 for various light-energy densities. The curves A, B and C are for the

focused beam with i ts higher energy densities mentioned before. For the lower energy densi-

t ies , the curves saturate indicating emission-limited operation. At higher energy densities

the output rises more sharply with the f i e l d , indicating space-charge effects. One could

therefore expect that at higher f ields (obtained, e.g., by pulsed high-voltage operation)

the output can be increased for the same light input, based on space-charge considerations

alone.

3.4 Field-Assisted Emission and Quantum Efficiency

Measurements at higher surface f ie lds , up to 3xlO8 V/m, were done with the 4 \m wire.

The f ie ld dependence of the emitted charge is shown in Fig. 9 for several l ight energies.

At f ields of 25-50 MeV/m the charge increases rapidly out of the space-charge regime. For

f ields above -108 V/m the output increases linearly with the f ie ld instead of saturating.

The quantum efficiency, which was 1x10"5 at a surface f ie ld of 0.5x108 V/m, increases

approximately by a factor of two at the surface f ie ld of 2.5xlO8 V/m, for a l l l ight levels.

This behavior could indicate the onset of a field-assisted photoemission regime. The

increase appears l inear, probably because of the small range covered here, i . e . , only a

factor of two. Therefore, a Fowler-Nordheim plot was not useful. The quantum efficiency is

expected to increase nonlinearly with the f ie ld at surface fields of 109 to 1010 V/m. We

hope to achieve significant field-assisted emission with pulsed f ie lds, or with arrays of

microridges giving f ie ld enhancements of 101* or more.

4. CONCLUSION

We obtained photocurrent densities up to 13 kA/cm2 from a thin gold-coated tungsten

wire from an area of (400x50) um2 with modest surface f ields of 50xl06 V/m, using 4.6 eV

photon pulses of 10 ps duration. The measured quantum efficiency was about 10"5. At f ields

above 108 V/m an enhancement of the emission was observed, resulting in a twofold increase

in the quantum efficiency when the f ie ld was increased from 3xlO7 to 3xlO8 V/m. However, to



obtain a quantum efficiency approaching one, surface fields of the order of 109 to 10 1 0 V/tn

would be needed [7]. Improvements of efficiency and of output currents can also be achieved

using lower work-function cathodes.

Experiments using these approaches are currently in progress.
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FIGURE 1. Schematic of coaxial photodiode Cell No. 1, the 50 un diameter gold-coated tungsten wire cathode
in a 5 mm diameter anode enclosure.
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FIGURE 2. Schematic of photodiode Cell No. 2, the 4 \tn diameter gold-coated tungsten wire cathode,

held 1 itii: from the anode in coaxial arrangement, as seen in the inset.
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FIGURE 3. Schematic of experimental arrangement. The input laser energy density and energy can be

changed using metallic neutral density filters, pinholes and focusing lenses.
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FIGURE 4. SEM pictures of the wire cathodes before instal lat ion in the cel ls. Figs. A and
B are the 50 un diameter and 4 urn diameter wires, respectively, magnified 1700
times. Figures C and D are the same wires magnified 10000 times. Ridges created
by the manufacturing process and shallower gold granularities are evident.
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The maximum energy on th e w i r e is about 0 . 7 |J on an area of (50x900) i /n2 .



CHARGE <pC>
o

3 cf
C IS

3 a.
o •

n>

«1re 
Is

Or

O

c

it 
ener

3s

2
n

o
N

II

t S-J

nj ,

CURRENT DENSITY
n
3



2.00

1.5

1.0

0.50

6urf«c« Field (V P«r M)

• a * i o *

1 x 1O1

10

75

E
o
w

0.

e

5.0 Q

2.50

.2 .3 .< .5 .6

Light En«rsy (pJ)

FIGURE 7. Dependence of emitted charge and current density on the light energy for the A pm

diameter wire at various surface fields. The maximum energy is 0.6 vJ on a

(4x500) nn2 area.
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FIGURE 8. Emitted charge vs. surface f ie ld for the 50 i*n diameter wire, for various l ight

energy densities. The illuminated length of the wire for curves A, B and C is

400 i/n and for D, E, F and G, 900 nn.
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FIGURE 9. Emitted charge vs. surface f i e l d , with l ight energy as a parameter, for the 4

diameter wire. The illuminated length of the wire is 500 i*n.


