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ABSTRACT

R

E?,sf-: Recent developments in excimer laser design have made near ultraviolet light

; ’ intensities of several megawatts per square centimeter possible in unfocused beams.
\ These aavances and recent experiments indicate that high-current, simple-metal

'E‘_; photoemissive electron guns are now feasible. Such guns should produce greater than

‘;;: 50 Amps per square centimeter of illuminated cathode surface. Additionally, these

B guns could operate at vacuums of 107 torr with no complicated system components

inside the vacuum enclosure. The electron beam produced by such photoemission guns

) would have a very low emittance and high brightness. This beam would also follow
1]

E-f closely the temporal characteristics of the laser pulse, making fast risetime, ultra-short
\

N electron beam pulses possible.
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| I. INTRODUCTION
3 High-current particle accelerators require sophisticated engineering and
4, . manufacturing techniques. Electron gun engineering and construction is particularily
) challenging. Frabrication of the emitting cathode is difficult and for current
, photoemissive cathodes requires in situ preparation at high vacuum (10710 torr). Some
‘; emitting cathodes are subject to frequent maintenance and replacement. Thermionic
j and field emission electron guns require a complicated and expensive pulse power
' source. In addition, desirable fast rise time pulses are difficult to achieve due to the
A intrinsic character of the pulsed power supplies used in thermionic and field emission
:‘: guns.
0 Recent developments in pulsed excimer lasers have made possible
: ultraviolet (L'V) photon intensities of several megawatts per square centimeter in
-'- unfocused beams. These UV laser advances beg a review of previous photoemission
'_ studies and new experiments designed to ascertain the feasibility of improving electron
','j gun beam quality and design while reducing the complexity of the gun system. Such a
review is in progress at Los Alamos National Laboratorv where the experiments
+ described in this paper were conducted.
: A.  HISTORICAL BACKGROUND
y In experiments concluded in 1887 Heinrich Hertz discovered that spark discharge
‘ occured more easily between two electrodes when one was illuminated by ultraviolet
: light [Ref. 1]. After the discovery of the electron, Philipp Lenard concluded by 1902
i that this effect was due to electron emission by the illuminated metal, and further that
[ there was a minimum frequency of the light below which no electron emission was
observed [Ref. 2,3]. Contemporary theories could not explain this observation until
>, Albert Einstein advanced his Nobel Prize winning “photoelectric law” in 1905, He
E contended that light was radiated and absorbed in energy quanta [Ref 4]. Einstein
% postulated that the maximum kinetic energy (E, ) of the emitted electron was Plank’s
v . constant () times the light frequency (v) minus “Austrittsarbeit” (@), the cmission
bt work or work function [Ref. §: p. 3]. as shown in Equation 1.1,
b
v E . =fv-o. (1.1
X
2 ;
3
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The elegance of Einstein’s theory failed to sway the bulk of the scientific community,
and it was not until 1916, when Robert Millikan carefully measured the kinetic energy
of electrons liberated by different frequencies of light, that his theoryv gained universal
acceptance [Ref. 6].

Subsequently, much effort was expended in obtaining work functions for various
metals, but the values acquired varied widelv due to ill defined surface conditions
[Ref. 3: p. 3]. The discovery in 19223 bv Kingdon and Langmuir that cesium coatings
lowered the work function of tungsten sparked new enthusiasm in photoemission
[Ref. 7]. It was found that alkali metal coatings could produce electron per photon
vields on the order of one in ten [Ref 8]. Since the 1940’s most photoemission study
ctfort has been centered around the alkali metals, efficiencies of 10, are lucrauve

compared to 0.001% for more commonly known simple metals [Ref. 9].

B. PHOTOEMISSIVE ELECTRON GUNS

High-current electron guns of the thermionic, field and photoemissive tyvpes are
currently operational. However, both the thermionic and [ield emutting guns suffer
from the temporal pulse limitations of the pulsed power sources and have dJitficulty
maintaining a high operating tempo. Current photoenussive guns use alkall metal
coated cathodes and produce currents as high as 200 A cm™ in a1 cm® heam cross
section [Ref. 10]. The reactivity of the alkail metal cathodes dictate a vacuum near
10719 torr. In addition, the cathode must be manufactured and transfered in high
vacuum, which can be a lengthly process, and it must be conditioned in the gun.

By contrast, simpie-metal photocathode electron guns do not exist in operational
accelerators. However, todav’s “ofl the shelf” excimer lasers provide enough intensity
to overcome the poor quantum vields of simple metals. I suflicient current could be
obtained {rom such a gun, the resulting beam would be temporally consistent with the
laser pulse, making fast rise times and ultrashort pulses pos<ible. Addinonally, the
transverse kinetic energy of the beam electrons should be less than the work tunction
of the metal, providing excellent emittance and brightness. Another advantage of the
simple-metal cathnde gun would be the ability to operate without the need to enter the
vacuum enclosure for gun maintenance. All complicated system components would
function outside the vacuum boundaryv. Such a gun would function in a moderate
vacuum, 107" torr, and thus avoid many problems routinelv associated with ultra-high

vacuum systems.

10




C. OBIJECTIVES
This paper presents the results of recent laboratory experiments conducted on a

simple-metal photocathode electron gun. The results should provide some measure of
the practical feasibility of such a gun for use in a high-current particle accelerator. The
pirameter estimates considered necessary to make a judgement of feasibility are
presented in this paper and are listed below:

1. Current density

2. Total current

3. Enmuttance and brightness

4. Practical quantum yield.
Since the experimental apparatus and diagnostic methods were not highly
sophisticated. it is recognized that the margin of error in some parameters may be
significant. However, the purpose of the experiments is to gauge the possibilities of

simple-metal cathode photoemissive guns and assess the direction and focus of the next

generation experimental investigation.
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II. THEORETICAL CONSIDERATIONS

A theoretical description of the photoemission process is no simple challenge.
Such a model must deal with many properties of the material, among which are the
ground and excited state atomic electron structure, the static and driving
electromagnetic fields, surface contaminates, lattice orientation, and the radical changes
of medium across the vacuum interface. The difficult experimental problems, due to
surface condition and lattice orientation. reduced most early empirically obtained
parameters such as work function to rough estimates. Advances in solid state theory
have added much to our understanding, but a comprehensive photoemission model has
vet to be validated. Current and past theories are particularly inadequate in addressing
the simple, non-alkali metals. [Ref. 11]

No attempt is made to qualify or validate any existing theoretical model of
photoemission. However, the so called “three step process” is reviewed to establish a
basis for the remaining discussion. A theoretical treatment of various models may be

found in Photoemission and the Electronic Properties of Surfaces (1978) [Ref. 12).

A.  PHOTOEMISSION, A THREE STEP PROCESS

The liberation of electrons from a material is considered either a surface effect or
a volume effect, or both, by various theorists in the ficld. The degree of correlation
between theory and empirical data varies with the wavelength of the incident light, the
material illuminated, surface contaminates, lattice orientations, polarization of incident
light and other factors. The mechanisms involved in this complicated process can be
better understood if broken down into stages. A convenient and accepted method is to
divide the process into three events, which are photon absorption, electron motion and
electron surface barrier penetration [Ref. 13].

1. Photon Absorption

For simple metals a significant portion of the incident photon flux will be

reflected. The surface characteristics are, of course, important since contamination,
impuritiecs and surface roughness will all effect the reflectivity of the surface.
Additionally, near surface conditions such as vacuum level and plasma formation could
cause screening of incident photons. The remaining photons penetrate the matenal to
depths of more than 100 A for ultra violet wavelengths [Ref. 5: p. 2|, being primanly

lost to quanta absorption by electrons.

12
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Einsteins's orginal expression (Eqn. 1.1) can be modified to account for the
entire spectrum of excited electron energies. Only the maximum Kinetic energv is
considered in the usual expression, where as all energy states are accounted for in

Equation 2.1.
E, =Av-9-E, (2.1)

where E. is the initial electronic energy state of a given clectron. The kinetic energy
(E,) of the electron is the photon energy (hv) minus the work tunction (@) minus the
initial electronic cnergy state below the Fermu level (Ep) [Ref. 14). By linuting the
photon energy to just above the target's work function, a pictorial representation of

the expected emitted electron energy spectra can be devised, see Figure 2.1,

ey

hv

Figure 2.1 Electron Energv Distribution.

This simple interpretation also allows envisioning surface etfects, properties
unique to those electrons excited near the surface. The energy spectra can be modified
by treating the initial and {inal state wavefunctions local to the surtuce. Thus ullowing
the imtial and final state tunctions to be ditlerent for the surface than for the bulk

material.  Surface propertics mayv result in moditication of the expected spectrad

distribution due to piasmon interaction. Additonally, an electron bberated from the

13
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:Ei::? interior must have a momentum component normal to the surface that corresponds to
ijg:;:_g sufficient kinetic energy, hence veloctiy, to overcome the work function of the metal.
:‘ . By contrast, an electron emitted near the surface need not meet these criteria if any
%«:" surface roughness exsists. In other words, plasmon energy may be imparted to the
:“ electron helping it to overcome the surface barrier. In addition, the required
:;’ N momentum component normal to the surface for electron escape may be smaller than
w expected if escape directions other than normal to the surface are possible.

::Sj In summary, the above description predicts an incident photon flux diluted by
‘ '\‘_:I reflection, and contaminate and plasma screening effects. The remaining flux
:“: penetrates to depths of about one hundred lattice lavers. These photons produce a

spectrum of free electron energy states in the material or at the surface. The

_\'_' observable part of this spectrum lies above the vacuum energy of the material
N (Ref. 12: pp. 7-8]
o

2 2. Electron Motion
s The photoexcited electrons are at higher energies than the bulk free electrons
:j:'i;:f in the metal. Hence, the excited electrons will undergo scattering processes until each
,, escapes the material or reaches thermal equilibrium. In metals the large number of free
o electrons dictates that electron-electron scattering will be the dominant loss
N mechanism. The large number of electron collisions suffered by the photocxcited
'-,::-:Zj electrons causes the range over which energy is lost to be verv small. For maximum
‘ energies of S eV, the distance is about 4 A, which corresponds to about two lattice |
o lavers [Ref. 5:p. 2]. Thus, only electrons excited very near the surface have a

reasonable probability of reaching the vacuum interface. Since most electrons are
E: excited at depths of many lattice lavers and most excited electrons reaching the surface
:,:',3’ are produced only a few lattice lavers deep, the quantum efficiency, which is the ratio
» of the number of emitted electrons to the number of absorbed photons, is very small.

This fact coupled with the expected spectral contributions of surtace properties
E"\ produces a complex distribution of electron energies at the surface of the metal.
._. [Ref. 15: pp. 6-7)
by o 3. Surface Barrier Penetration

Y As illustrated by Figure 2.1, electrons can only escape the metal surface if they
; have a surface-normal Kinetic energv that is greater than the work function. Most
;:,':::, simple non-alkali metals have work tunctions between 4 and 5 eV. The concept of the
"I,f\

14
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work function barrier is complicated by the fact that ¢ is a function of lattice
orientation, varying in many cases by more than 10% for various orientations
[Ref. 5: p. 38]. In addition, external electric fields applied to the surface lower the work
function. This is known as the Schottky Effect [Ref. 16]. It operates such that ¢ is
lowered as the square root of increasing external field (F),

A@=-(qF/dne )2, (2.2)

where q is the electron charge in coulombs, F the field in volts per meter and € the
permittivity in MKS units. However, local microscopic fields may be much higher than
the general applied field if sharp surface irregularities are present. For a point
protruding from the surface, the micro-field (F ) is given by Equation 2.3.

F_ = (2V)/(rin(R/1)), (2.3)

where (V) is the potential in volts, R the distance from the point to the anode and r the

radius of curvature of the tip. Then, as a first approximation, the function is reduced
by

A X (V1) (2.4)

A rougher surface would have smaller values of r and more protrusions. A rough
surface will then generally widen and smooth the features in the spectral distribution of

emitted electrons and increase the total current emitted. [Ref. 5: pp. 20-21]

B. PRACTICAL ASSUMPTIONS

If an electron gun system operates in particular situations, various aspects of the
emission theorv may be emphasized or neglected. The system used operates at
1076 torr with applied fields of less than 10° Vem'l. The laser light source produces
5 eV photons and illuminates the target with about 1 MW em™? of power. In
addition, cathode surfaces are assumed to have roughness features of approximately
10 pm height. Given these parameters, some simplifving assumptions may be
considered:

15
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[

?-" 1. The moderate vacuum dictates the formation of contaminate monolavers in
": about one second or less [Ref. 15: p. 15]. Elaborate surface cleaning of the
0 cathode prior to operation is useless.

ity 2. Microfield enhancement may occur at 103 V cm™! of applied field due to surface
"'.}\ roughness. [f “whiskers” of material protrude, some field emission might occur.
"‘; 3. Since the photon energy is near the work function value of the cathode

ey material, the average emitted electron Kinetic energy is expected to be less than
:;;::1 the work function and distributed preferencially in a direction normal to the

t‘.; » surface.

f:',:: 4. The surface irregularities are many times larger than the lattice spacing.
i Additionally, the cathode materials are not single crystals. Hence, lattice

:;» orientation is of little consequence to the total emission.

'_'_-; 5. The 5eV photon penetration depth is at least of the order of the surface
3:} roughness. Thus, the entire microscopic surface is subject to electron emission.

b 6. The 1 MW cm™ UV light power incident on the surface is not enough to cause
8 near surface plasma formation [Ref. 17: p. 346].
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III. EXPERIMENTAL TECHNIQUES

An excimer laser was used to illuminate a flat simple-metal cathode in a vacuum
chamber with intense UV radiation. A positive potential was applied to the cathode to
accelerate the liberated electrons toward a parallel anode plate. A conducting charge
collector was located behind a small hole in the anode and its output monitored. Data
were obtained by correlating the laser pulse to the output collector current for a given

applied potential.

A. OPTICAL ARRANGEMENT

A Questec Model 2000 excimer laser operating in KrF (kryvpton-fluorine) was the
radiation source. The KrF excimer laser produces a 248 nm wavelength, a photon
energy of 5.0 eV, with a full pulse width of 30 ns. The laser light path components are
depicted in Figure 3.1,

Attenuator Photodiode Cathode
with filter Aperture

— £ .
Laser f\r —_— "Bf\_v \—-\.%

Laser uartz uartz Cathode
Aperture eflector acuum
Window

Figure 3.1 Optical Arrangement of Experiment.

Laser light at about 100 millijoules (mJ) per pulse in a 3 cm? beam cross section
was apcertured to 0.4 ¢cm? and then passed through a Laser Variuble Attenuator, NRC

Model 935-10. The attenuated beam then passed into the vacuum chamber through a

- T M ™ T Va® o n T ™ == Ve
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4
. Suprasil quartz window with the normal 8° reflection loss. The beam was again
N b . . . .
] apertured (to 0.18 cm?) and then allowed to illuminate the cathode at a 45° incident
i angle. Concurrently, the reflected beam from the quartz vacuum window was reflected
»:: by a 248 nm 98% reflector through a 248 nm filter onto a fast response photodiode, a
8 . . .
1N Hamamatsu R1193U-04. The photodiode was used to monitor the laser beam pulse.
o
bl B. ANODE/CATHODE ARRANGEMENT
A removable metal cathode disc, 2.5 cm in diameter and 0.4 cm thick, was
49 , :
P attached to a high-voltage connector which penetrated the vacuum chamber wall.
K . . . . . .
s Prior to installation the cathode was polished in air to a surface roughness of about
‘-‘: r . 1
b, 10 pm. When in place the cathode was centered in front of, and parallel to the anode
" which is of the same diameter and made of aluminum. The phyvsical anode-cathode
5 arrangement is illustrated in Figure 3.2.
'd-
) =
0 N
AN
N
T Laser N
s Beam 2 o
L N\
) NN
' \ \ | A N i
.. Coaxial NN
N N -
- Conductor W,
‘ L]
" Anode Metal
M Cathode
.‘l
LY
o i
2
Figure 3.2 Anode-Cathode Arrangement. \
'- |
by The A-K gap was about 18 mm and the accelerating potential across the gap was |
L~ . . o .- , ) .
o variable from 0 to 30 kV. Electrons emitted from the 0.18 cm® llumination spot were
"
N accelerated toward the anode and some passed through the 0.071 ¢m” opening at the
O, center of the anode. These clectrons were then collected on an alununum wire
e _ .
o collector which ran paraliel to the electron beam axis. The collector with a cross
',:: sectional area of 0.136 cm? was the center conductor of a 50 ©Q coaxial cable. The
he
2y
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anode and all other portions of the vacuum chamber and support Fardware were at
ground potential. The electron pulse collected was then monitored by an oscilliscope

and boxcar averager.

C. ELECTRONICS SETUP
Three electronic parameters were monitored during data acquisition:
1. The fast photodiode output voltage pulse, used to calculate laser power applied
to the cathode

The accelerating potential, which pernutted field calculations

t9

3. The collector output voltage pulse, facillitating the collector current
determunation.

A wiring schematic of the monitoring equipment is shown in Figure 3.3.

l Oscilliscope ||
Photodiode {'— 2 #1 P T
r
i
g
Joulemeter ec 1 Oscilliscope
Head - 2 #2 pe — e
r
Collector U —
Oscilliscope P
& —1 u
1 2 1
s
e
DC Power| ___jVolt Cathode 1l Boxcar
Supply Meter 2 Averager [

Figure 3.3 Electronic Equipment Arrangement.

The photodiode driven by the reflected laser light was used as the trigger source
for all analyzing equipment. Oae oscilliscope was dedicated to monitoring this pulse.

The second oscilliscope was used as the collector voltage monitor or the calibrating

joulemeter monitor as appropriate. The third oscilliscope was used to verify proper
gate to pulse alignment of the boxcar averager, an LG & G Model 162, All
oscilliscopes were fast response Techtronics R-7103’s. Data acquisition was primarilv
by oscilliscope photographs with the boxcar averager as a secondary source, the laser

repetition rate used was not optimum for boxcar accuracy.

19

LA

i Ll

TN I I T *’ u-a‘(.s& M“ ” 3‘ NN,



ey €,
M~ .

R AR PR RN Sy
e

._,’.

D. VACUUM SYSTEM

The vacuum system consisted of a vacuum chamber with a volume of
approximately 10 liters. This chamber was sealed by neopreme o-rings and pumped by
a Cryogenics Cryo-Torr-8. The best vacuum achieved was 8x10°8 torr after 12 hours of
pumping. Most data was taken with a vacuum of about 10°® torr. Since the nature of
the experiment required frequent adjustments inside the vacuum chamber with no
remote manipulation ability, the vacuum boundary was frequently broken.
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IV. DATA ACQUISITION AND REDUCTION TECHNIQUES

The general technique for obtaining data was simple. A photon beam pulse was
attenuated as desired and illuminated the cathode. Electrons liberated from the
cathode were accelerated toward the anode. Some of these electrons passed through a
hole in the center of the anode and struck the end of the collector wire. A portion of
the photon pulse was reflected and measured giving laser power. The collector current
pulse was also measured and then compared to the laser power.

Three experimental apparatus limitations affected the range and accuracy of the
data. The accelerating potential electrical connection to the cathode was rated at
25 kV standoff and could not be relied upon to hold off breakdown above 28 kV. In
addition, the minimum anode-cathode gap achievable was 1.8 cm, resulting in a
maximum field of less than 15kV cm™. Secondly, the current collector electronic
svstem had an inhcrent noise level which tended to chop and distort the current pulse
signal for collector currents below about 0.7 mA. But most significantly the laser
power used was low and did not facillitate direct energy measurement of individual
laser pulses, and short pulse duration (30 ns) did not lend 1tself well to temporal
measurements by joulemeters. The energy of the system was diagnosed using a fast

response photodiode calibrated in the svstem relative to a Gentec-200 calorimeter nead.

A. LASER PULSE ENERGY DIAGNOSTIC

The fast photodiode output was highly non-linear as a function of the pulse

energy. Comparison between photodiode output voltage and joulemeter values showed
the energy to vary approximately as the sixth power of the photodiode voltage. A
photodiode output voltage (V) to joulemeter energy (E) calibration curve was obtained
just prior to data acquisition. The data taken was found to fit the relation shown in

Equation 4.1.
E = 0.0046V®-16, (4.1
where V is the photodiode output voltage in volts and E is the pulse energy in mJ.

Although the oscilliscope measurement of the photodiode voltage was accurate

to within 2%, the high power of V in Equation 4.1 made the corresponding error in E
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:js very large. Hence, an approximate error of 153% is attributed to this source. There
".,. existed a 1 to 5% error in joulemeter readings coupled with calorimeter head
at calibration accuracy of 10%. Overall a 15% error is attributed to the joulemeter. The
isg total error of 30% was somewhat dinunished by averaging 20 successive pulses to
:;1: obtain each value used. A calibration curve error margin of 10%% is consequently
v assumed.
p In B. CURRENT MEASUREMENT DIAGNOSTIC
';' :'.f«: The collector voltage was measured to within 2% at high current and to within
i.,' 5% at low currents. However, electronic noise within the circuit prevented accuracies
e of better than 10%6 error for currents below 0.7 mA. The svstem impedance (50€2) was
-',:‘.: assumed to be accurate to within 2% and the anode collector hole area measured to
“ within 1% of its true value. Therefore, the current measurement accuracy is assumed
N to be 20°% error below 0.7 mA (10 mA cm'z), and less than 10% error at higher
s currents. _

’ Due to the low fields applied to the cathode, the current was often limited by the
‘,'.-;j'.. screening effects of the electrons released at the beginning of the pulse. The current
»:'_:EI densitv is limited according to the 1.5 power of the potential [Ref. 18]. The

v relationship 1s shown in Equation 4.2 .

"::x'
: '\-::: J=pPvisg2, (4.2)
oyl

NN

i where J is the current density (A cm™?), d the A-K spacing (cm), V the potential (V)
O and P the perveance of a planar geometry (2.33x10°® AV™1-3) [Ref. 19]. This space-
'ﬁ" charge limited electron flow was an important upper bound on the data taken while
;: determining quantum vyields. In assessing the space-charge parameters, the A-K
"R potential was measured from the calibrated meter on the power supply and was
j;:-::: assumed to have an accuracy of 2%, 400 volts, at 20 kV. The A-K spacing was
:;:::E: measured accurately to within 0.5 mm, an error of 3%. Since the space-charged
j\j current limit varies as the 1.5 power of the potential. the aggregate maximum expected
Al error 1s 10%,.

..4-:‘.3 C. REFLECTANCE MEASUREMENTS

:':C‘ The reflectance of the cathode material was considered in arriving at actual
\ J'S quantum vields. The experimental values were obtained using a Gentec-300
i
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calorimeter head monitored by an oscilliscope. The measurement i1s assumed to have a
maximum error of 5% with a 10% calorimeter head calibration error. Thus an overall
reflectance accuracy of 153% is assumed.

Consequently, the absolute quantum efficiency values are within only about 35%
of the true values. However, the relative values of quantum efliciency are expected to
be accurate to within 10%6 for the various sample cathodes.
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V. RESULTS AND CONCLUSIONS

During experiments conducted to investigate the feasibility of high-current
simple-metal photocathode electron guns, several cathode «characteristics were
measured for various materials. Quantities measured were:

1.  Empirical values of reflectance for Ni, Sn, Cu, Zn, Al and Pb

2. Electric field effects on the quantum yield of Zn

tad

Electron beam emittance and brightness from a ZN\ cathode
4. Quantum efficiencies of 5 eV photons for Ni, Sn, Cu, Zn, Al and Pb

o

Maximum current per unit area at 12 kV cm™! electric field for Ni. Sn, Cu, Zn,
Al and Pb.

A.  REFLECTANCE

The degree of reflectance i1s of no practical importance unless the svstem 1s
limited by the maximum power output of the laser. But, the reflected radiation could
tluminate areas of the electron gun structure and cause photoenussion and
corresponding undesirable electromagnetic effects. This i1s an engineering probiem with
numerous possible solutions. However, if absoulte quantum efliciency calculations are
desired. the reflectance must be esimated. When available optical constant values for
metals were used to calculate the 45° incident reflectance of a 248 nm unpolarized
laser beam [Retf. 20]. No suitable information at the proper wave length could be
found for Zn. Sn. or Pb. Calculated values of reflectance for N1, Cu and Al are histed
in Table 1 tor comparison with measured practical reflectance values.

Retlectance values for all examined metals were found by measuring incident and
reflected energyv from the cathode material with a 248 nm excimer laser UV hght source
at an intensitv of about 1 MW ¢m™. The experiment was conducted with cathode
surface preparation identical to that conducted prior to current measuring experiments.
These practical values of reflectance (£ 15%4) are also shown in Table 1. The large
variation between theoretical and practical values is probably due to surface roughness

and oxide lavers,
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TABLE 1 I
REFLECTANCE VALUES i
|
Element Theoretical Practical
Symbol Reflectance (%) Reflectance (%)
Ni 45.7 13.9
Sn - 10.0
Zn - 34.8
Cu 36.9 16. 2
Al 64.2 42.0
Pb - 7.2

B. FIELD EFFECTS
The investigation of the effect cf the field strength on photoemission was
conducted expecting that the Schottky Effect would be verified, but that was not the
case. Data obtained at two ditlerent laser intensities with varving electric field strength
applied to a Zn cathode is depicted in Figure 5.1. Three observations on the data are
noteworthy:
t.  As expected the low field data is limited by the Child-Langmuir space-charge

flow limit.

| §9)

The quantum vield does not increase as the applied electric field increases as the
Schottky Effect predicts. The quantum vield and current peak in the low field
region and then peak again at about 13 kV cm, with the high field portion of
the curve apparently approaching some lower constant value.

3. Increasing the laser intensity by a factor of two increased the quantum vield

and shifted the peaks to higher field values.

The second and third points are not understood. Increasing quantum vield with laser
power is discussed in the quantum efliciency section. The peaking phenomenon may
be the result of resonant coupling with surface plasmons. But, there is no theoretical

justification for such a hypothesis.

C. BEAM EMITTANCE AND BRIGHTNESS
An estimate of beam emittance was made by replacing the anode fixture with one

which emploved two parallel flat disc plates with a coincident collector window in each.

J
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QUANTUM YIELD VS. ELECTRIC FIELD
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Figure 5.1 Field Effects on Quantum Ftliciency.

: 20

-

e R CT F X
Lot AT nin s A

!1,'
# 1 - ' « - < - «
‘:! Ly _.r"( L

‘qfw

O Oy ATy TR e
“."‘”{:ﬁr’ UL A h Lol AEIADE L I O A A A G A a"’»‘li..'s’. !‘«‘a"a LIRS i’c'i'.\'q‘ LSO




FI . . IV — W P o B e Ak ek . aa AR ab- e Ak admedl - abo.db abd S ol gk ke RS hebalasdlet il tid A S ki M A

The disc to disc spacing was 2.5 times the window diameter (0.457 mm). The
X experiment was operated with an accelerating potential of 20 kV and a Zn cathode.
. The spacing from the collector to the back of the anode was varied to obtain
N information on beam divergence. The calculations were made using accepted standards
ﬁ for normalized emittance and brightness [Ref. 21]. Four data repetitions were taken for
{ each beam drift distance, the averages of which are given in Table 2 .

N
,3 TABLE 2
h] EMITTANCE DATA

Drift Normalized Relative Beam
Distance (mm) Current (mA) Current Radius (mm)
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*
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*extrapolated

' 1. Emittance
The emittance was calculated using the extrapolated distance at which 50" of
4 the electron beam would be uncollected by a collector with the same diameter as the
. initial beam. The beam is assumed to be uniform in the plane transverse to the beam
& axis. The extrapolated 50°%% loss drift distance (d) corresponds to a beam radius (r) at
d. The initial beam radius (b), is then used to approximate the solid angle (a) of the
beam as it diverges bevond the anode window. The approximation takes the form of

. Equation 5.1.

a~2sint(r-b) d}, (5.1
v . - . . ~

v where @ is the solid angle. Substitution of the Table 2 values into Equation 5.1 vields,
‘

=19.7 mrad. The emittance is defined as the solid angle (@) times the original beam

radius (b), as in Equation 5.2,

N 27
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= §8.98 mrad mm.

The normalized emittance (€ o) is the emittance times the relativistic particle parameters
Y and P. In this case BP=0.280 and y=1.042. The normalized emittance can then be
calculated by Equation 3.3,

¢ =Pre (5.3)
=0.83% mrad mm.

This corresponds to a transverse beam temperature of 2.2 eV and is considered the
maximum electron temperature in the beam. The electrons in the beam would have an
equivalent temperature of 2.5x10% K (£ 25%).
2. Brightness '
By assuming the electron beam to be radially and rotationally symmetric the

brightness can be approximated by Equation 5.4.

-

B =(2I).(n%c 2), (5.4)

where B_ is the normalized brightness and I the total beam current in amps. By
inserting the values already obtained, Bn=3.2x108 A rad? m? (£ 100%) [Ref. 21: p.
187].

D. QUANTUM EFFICIENCY

The experimental apparatus was limited by the inability to measure verv low
currents or obtain large fields. Within this context the various metal cathodes were
examined. Each had a slightly different anode-cathode gap, and to allow for
comparison, the space-charge limited data was normalized to equivalent A-K spacing.
The zinc cathode used in other experiments will be presented in detail and the
remaining metals presented later for comparison.

I. Power vs, Current

The Zn data for power versus current is displayed in Figure 5.2. Immediately

observed from Figure 5.2 is that the current is not a linear function of power. In fact,

well clear of the space-charge limit the curve shows current to be a quadratic function

28




of power. This result will be discussed in detail in the quantum yield section. Another
observation is that the maximum current is well correlated to the 2.135 A cm™
predicted for space-charge limited flow between parallel plates. All other metals
showed simuiliar results, with the exception of Al which will be discussed separately.
2. Power vs. Quantum Yield

The practical quantum yield Zn is plotted in Figure 5.3. Again the curve near
the space-charge limit behaves as expected. The low power end of the curve shows a
nearly constant quantum vield. This was the predicted result, but the connecting
section of the curve exhibits nearly quadratic behavior. Three possible explanations
are suggested: .

1.  The curve shows a second order effect. As the leading edge of the pulse pumps
the distribution of populated energy states toward a more excited level, the
remaining pulse contributes by photon-electron interactions. These interactions
provide the necessary additional Kinetic energy to facillitate emission of an
electron which might otherwise not penetrate the surface barrier. This two
photon effect could be a volume process or could be coupled to some surface

effect.

o

The curve indicates that a contaminate laver screens the photons and retards
the sensed current. At higher photon intensities, the contaminates are boiled
off the surface and the effect reduced.

The curve could indicate that the low power end of the curve is the constant

(¥9)

quantum YVvield of the contaminate layers. As the power increases, these
contaminates boil off and produce a surface plasma which then interacts with
liberated electrons to amplify the emission current. This would suggest that
higher light intensities could result in much higher quantum yields. But, the
effect would be vacuum dependent and produce an increasingly poor emittance
value as the power were increased.

A review of the data for other metals shows Ni the least productive with a
practical quantum vield of 5.9x107% electrons per photon and Pb the most efficient with
a quantum yvield of 1.3x10™ electrons per photon. However, both reached the space
charge limit as the laser power was increased prior to the full developement of the
curve which is expected to result in a constant quantum efliciency. Therefore,

significantly higher vields may be possible.
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) ZN CURRENT VS. POWER
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Figure 5.2 Zn Current Production.
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Figure 5.3 7n Quantum Efficiency.
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'_::\: In the case of Al, a near constant quantum vield was obtained from 0.03 to
'\‘ 0.5 MW cm™. The cutoff at 0.5 MW cm™ was due to the space-charge Limit. Perhups

[ the low power end of the aluminum curve i1s the contanunated surface constarn:
’ quantum vield. As power increases, the contaminates are burned awayv without
::i';'. sufficient time to reform before the next laser pulse. (Data was taken at a repetition
:-;: rate of 3 hz). At higher powers, the surface was laser cleaned and the constant
. quaatum vield of the Al metal was realized. If this scenerio is correct, other metals
__-:'.:: nmught have such a cleaning threshold which would result in much higher quantum
} vields than previously seen. Data for Ni. Sn and Cu s shewn in Figure 3.4, Data for
h :: Zn, Al and Pb is contained in Figure 5.5.

o E. EXPECTED BEAM PARAMETERS

' In summary, the simple-metal photocathode electron gun operating at 10 torr
, and 1 MW cm™ of 248 nm light intensity and at fields of only 12 kV cm’l produced
= current densities of more than 1 A ¢cm’? in emission limit and more than 2 A cm™® in

space-charge limited flow. A current density of greater than 50 A cm™ can be
\ expected from a Zn cathode with higher fields but below the field emussion region.
-:'."-: Current densities higher than 70 A cm’? have alfeady been obtained from Cu cathodes
g at 193 nm wavelength and with a 100 kV em’! field strength [Ref 22} If plasma

oo creation and surface damage do not occur until the intensity is more than § MW ¢m™*
f’ as suggested by F. Schwirzke, in Laser [nteraction and Related Plasma Phenomenu
\‘:_ i 1984) [Ref. 17: p. 346}, then the incident laser power could be increased by a factor of
N 5 over that used to obtain this data. If the near quadratic dependence of quantum
vt vield () on power holds, quantum efficiencies of greater than 10 electrons per
'_'-j;I photon nught be achieved. However, even at the quantum ethicicncy established here,
:::: a 3 MW ¢m™ intensity of 248 nm photons could produce more than 23 A cm’* from
o Zn, Al or Cu. In addition, that same current density can be produced from Pb at

N I MW cm™. A 5 ¢cm?® cathode could he expected to produce a beam current of 120 to

v EE 330 A, driven by an “off the shelf” Krl excuner laser. The resulting beanm 1s expected

: J.: to be verv “cold”, have a verv low enuttance, and produce sub-nanosecond rise times
W) with casily tailored puise lengths.

o F. CONCLUSION

A high-current simple-metal photocathode s feasuble. Beam current of more
:‘-. than 30 A ¢m™ in a cold. migh brightness regime s possible. The clectron gun can

I,:-f

YOOl 2

-5

-4

R

s

S e AT T T P e P A e Ay
e \AChS T et i €470 < 7 o T

TN



NI, SN AND CU YIELD VS. POWER
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Figure 3.4 Ni, Sn and Cu Quantum Yields.
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Figure 5.5 Zn, Al and Pb Quantum Yields.

34

‘- / \ X '-" '\- -.‘. ‘-" ~, '_& - > .
RN S o B e o




mm“ EaBac Al el el Ak e Ael Aok Aol e Aot Al Akl haledeliial

operate at 1076 torr and should require little maintenance inside the vacuum boundary.
In addition, the temporal control over the pulse could produce extremely short, fast
rise-time pulse.
- Future efforts should move in the following directions:
1. Using a Pierce tvpe electron gun design [Ref. 23], take data for metals of
: interest at high accelerating potentials and to low currents in order to map out
the metal response curves over a wider range to verify a self-cleaning intensity

level.

tJ

Conduct experiments using a uranium cathode due to its low work function.
3. Obtain a more precise beam mapping so that accurate values of emittance and
brightness can be attained.

4. Verifv the laser intensity threshold for laser damage plasma production.
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