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ABSIRACT
We present the experimental results of photoemission studies on thin
wires of gold-coated tungsten, held 8t surface fields In the range
of 108 to 3x108 ¥/m, and illuminated by 10 ps long, 4.66 eV photon
laser pulses, lhe wire cathodes arranged coaxially in an anode
experienced a surface-field enhancement of 107 103 over the
applied voltage, We obtained current densities exceeding 10 kA/em?®
from a 50 ym diameter wire, from a (5000} m? area, under
partially space-charge limited conditions, The quantum efficiemuy
for emission limited cases was in the iange of 10 5.  For these
cases results using 50 ym and 4 . diameter wires indicated Vinear
dependente of charge density with optical energy density. The
emission alse scaled linearly with the emitting area, For surface
Fields above 3x107 V/m, a iwofold enhancement of emission was
abserved for a tenfold increase in the field,

. INTRUDUCTION

Nuvel accelerator concepts suth as the switched-power linac {SPLY [1] and the micro-
Tasertron [2] require current densities exceeding 50 kAZim? from 1 on? area with electron
bunch lengths of the order of a few picoseconds. It s difffcult to meet these specifica-
tions with conventional electron sources. However, photorathodes driven by short, intense
Tight pulses from a laser are wore suitable for these applications.

Such photovathodes are also being considered more frequently as electron sources in
future colliders. A variety of proposed high energy accelerators [3] and (oherent pico-
second x-ray sources (4] require electron bunches of extremely low emittance, short dura-
tion, and high charge densities. (sSh cathodes have yielded [5] turients of 400 A in <60 ps
from a 1 «m? surface. Similarly, GaAs photocathodes have yielded 6] peak currents of
J50 A in 60 ps From a /7 m? area. However, bolh cathodes suffer From the limited life
time of the cathode, elaborate preparation process and high vacuun requirement, Further-
more, extension to higher current densities has not yet been demonstraied.

*} This research was supported by the U, S, Department of Energy under Contract No,
DE~ALDZ- T6CHOOD LG,
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{r objective to obtain high charge, high (harge densily, picosecond electron bhunches
influenced ouwt choices regarding the photorathede and the laser. Metal photocathodes were
chosen hecause of their capability to yield high wurrent demsities, fast response time,
comparative ease of preparation and maintenance, modest vacum requirements amd ruggedness.
Gold coated tungsten cathodes were used in the initial experiments because of their inert
ness to the atmosphere and ready aveilability 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 Ne:YAG laser was chosen hecause of its relatively large photon energy
{4.66 e¥), stmplicity of the system tu obtain short pulses of 10 ps, and vapability to be
upgraded to even shorter pulse durations. The cathodes were maintained at high surface
fields, up to 5x10% ¥/m, to simulate the operating conditions for SPU's and electron guns.
Ihe Following sections describe our experimental arrangement, measurements and results.

2. EXPERIMENIAL ARRANGEMEN!

The schematic of the photodiode cells are shown in Figs. ! and 2. The cells consisl of
a thin wire as the photocathode and an anode in a coaxial geometry with an anode to cathode
gap of 2.5 mw in Cell 1 and 1 mu in Cell 2. DU voltages up to 10 kV can be applied to the
cathode via a resistance of 10 - 100 Mo The information about the eleatron emission i3
derived from the cathode via a capacitor in fell | amd directly from the anode in Cell 2,
This output can be fed inle either a calibrated charge preamplifier, shaping amplifier and
plse height analyzer or coupled from the cell directly to a fast oscillosiope, For these
preliminary measurements, gold-roated tungsten wire of 50 yn diameter was used in Cell 1 and
a similar wire of 4 um diameter in Lell 2. Such thin wires give rise to high fields on
their surfaces. Surface-field enhancements by a factor of about 100 and 1060 over the
applied voltage were obtained with the 50 ym and 4 uw wires, respectively, The wires were
illuminated obliquely so that the field lines at the emitting area would not be distorted
significantty,

The photons for the photoemitler were derived from a frequency quadrupled Nd:YAG Jaser,
with a photon energy of 4.66 eV, pulse duration of 10 ps, energy up to I ml and a repetition
rate of 10 Hz. The experimental arrangement is shown in Fig. 3. The eneryy of the Tight
pulse on the wire was varied using metallic neutral-density filters. The iuminated area
on the wire was changed using efther a varlable pinhole or a lens In front of lhe experi
mental cell,

the $EM pictwres of the two wires magnified 1700 and 10000 times, taken hefore instal
Tation in the tell, 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 irregularities can influence the photoemission by enhamding local surface
fields, varying the local incident angle of light on the wire, and increasing the light
absorhing area.



508

5. MEASUREMENIS AND DISCUSSION

The electron emission for various surface fields and light eneryy densities was meas-
ured for both 50 gn and 4 v diameter wires. The maximum surfave filelds for these wites
were 5xi07 and 3x10°% V/m, respectively. lHigher fields caused iV, breakdown in Cell | and
igh dark currents in Cell 2. The maximum light energies {for controlled emission) on about
4,5 mn length of the wire in Calls 1 and 2 were ashout 1.2 w and 4.5 wl. lNoubling these
energies would cause avalanche~type breakdown even at moderate flelds, The rise time of the
hreakdown current decreases rapidly with increasing fields and light intensilies. o
aecount for the laser-energy fluctuations, the distributions of laser enerqy and the tarre
sponding distributions of smitted charge for 400 laser pulses were recorded, lhe medians of
the distribut fons were selected as data points,

3.1 Charge output vs, light energy

the dependence of charge output on ihe light energy up to 0.7 y from an emitting area
of {50x900) ym? for various surface fields is shown in Fig. 5. At the lower fields election
emigssion saturates with increasing light energy, indicaling space-charge effects. AL higher
fields the curves are almost linear up to an emission of = 4§ pf, indicating direct propor
tionality between light energy and emission,

The same wire was illuminated with a focused beam over an area of (50x400) wm? with
higher energies up fo 1.3 ui, resulting in g fourfold increase in the energy density. ¥e
see from Fig. 6 that again &t higher fields the charge emitted is proportional to the light

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

Tests at much higher surface fields, up to 3x10® V/m, were made in Cell No, 2 on 2 4 um
diameter wire illuminated with an unfocused beam via 0.5 mm pinholes on a wire area of
{4x500) w2 The dependence of the charge and current density on the light energy for this
wire is shown in Fig., 7. The fields are now high enough fo aveid the space charge effects
seen with the 50 ym diameter wire. lthe output is proportiosal to Jight energy indicating
once again the ahsence of nonlinear effects. With this optical arrangement bthe maximum
current density obtained was 7 kA/em?., However, with increased optical-energy densities
Jarger current densities can be obtained.

3.2 Lurrent density

The maximgm charge of 26 pC obtained in this preliminary experiment can be used lo
calculate the corresponding currenil density., 1f we assume that the electron-pulse duration
is that of the laser pulse, mweasured to be 100 ps with a streak camera, and the emitting area
is (50>400) yn?, then this charge corresponds to a current density of 13 kA/em?,  [his is
probably the first time that such high currenl densities were obtained from macrescopic
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areas. lhe 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 widlh of approximately 10 ps.
We hope that higher photocurrent densities can be obtained helow the threshold for breakduwn
by improving the quantum efficiency, either with lower work-function cathodes, and/or with
very high surface fields,

3.3 Charge output vs. surface field

The charge as a function of the surface fields wp to 5«107 V/m for the 50 un wire is
shown in Fig, 8 for various light-energy densities, The cturves A, B and § are for the
Facused beam with its higher energy densities mentioned before. For the lower energy densi-
ties, the curves saturate indicating emission limited operation, At higher energy densities
the outpu! rises more sharply with the field, indicating space-charge effects, Dne could
therefore expect that at higher fields (obtained, e.g., by pulsed high-voltage operat fon)
the output can be increased for the same light input, based on space-charge considerations
alone,

3.4 Field-Assisted Emission and Quantum Efficiency

- » Pty

Measurements at higher surface flelds, wp to 3x10% ¥/m, were done with the 4 m wire,
The field dependence of the emitted charge is shown in Fig. 9 for several light energies,
At fields of 25-50 MeV/m the charge increases rapidly out of the space-charge regime, For
fields ahove -10% V/m the output increases limearly with the field instead of saturating.
The quantum efficiency, which was 1x10 5 at a surface field of 0,5x108 V/m, increases
approximately by a factor of two at the surface field of 2.5x108 V/m, for all light levels.
This behavior could indicate the onset of a field-assisted photoemission regime. The
increase appears linear, probably because of the small range covered here, f.e., only a
factor of two. Iherefore, a Fowler-Nordheim plot was not useful. The quantum efficiency is
expected to increase nonlinearly with the field at surface fields of 10% Lo 1019 Vo,  We
hope to achieve significant field-assisted emission with pulsed Fields, or with arrays of
microridges giving field enhancements of 10 or more,

4.  CONCLUSION

We ohtained photocurrent densities up to 13 kA/em? From a thin gold-coated tungstien
wire from an area of [400x50} ym? with modest surface fields of 50x108 ¥/m, using 4.6 eV
photon pulses of 10 ps duration. The measured guantum sfficiency was about 19-5. At fields
above 108 V/m an enhancement of the emission was observed, resulting in a twofold inCrease
in the quantum efficiency when the field was increased from 3x107 to 3x10% V/m. However, to
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phtain a quanium efficiency approaching one, surface fields of the order of 107 to 1077 ¥/m
would be needed [7],  loprovements of efficienuy and of oulput currents can alsoe be achieved
using lower work fusction cathodes,

Exper iments using these approaches are cutrently in progress.
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FIGURE 4, SEM pictures of the wire cathodes before installation in the cells. Figs. A and
B are the 50 un diameter and 4 uyn diameter wires, respectively, magnified 1700
Limes, Figures C and U are the same wires magnified 10000 times., Ridyes created
by the manufacturing process and shallower gold granularities are evident.
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