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DISCLAIMER

Work performed under the auspices of the U.S. Depart-
ment of Energy by Lawrence Livermore National Labora-
tory under contract number W-7405-ENG-48,

This document was prepared as an account of work
sponsored by an agency of the United States Government.
Neither the United States Government nor the University of
California nor any of their employees, makes any warcanty,
express or implied, or assumes any legal liability or respon-
sibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned
rights. Refgrence herein to any specific commercial prod-
ucts, process, or service by trade name, trademark, manufac-
turer, or otherwise, does not necessarily constitute or imply
its endorsement, recommendation, or favoring by the United
States Government or the University of California. The
views and opinions of authors expressed herein do not neces-
sarily state or reflect those of the United States Government
or the University of California, and shall not be used for
advertising or product endorsement purposes.
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1.0 Jntredustion

The recent advances in the devices known as free-electron
laser, or FELS, have aroused the interest of the Strategic
Defense lnitiative because of the perception of their possible
applicability to the area of ballistic missile defense.

The output radiation from a FEL resembles that from a true
laser in that it has a narrow sharply peaked spectral distribu-
tion coupled with high phase coherence. However the combination
of very high demonstrated conversion efficiency1 together with
the potential to transfer prodigious peak and mean powers to the
radiation field sets FELS apart from ordinary lasers.

Relativistic electron beams with high current densities and
low electron energy spreads are a prereguisite for successful
operation of FELS. 1I1f high radiation powers and geeod interaction
efficiency are required, high currents in addition to high cur~
rent densities are a necessity.? These requirements bec%me more
and more stringent the shorter the radiation wavelength.

High mean power levels imply high pulse repetition rates and
FELS that address high duty cycle applications place particularly
severe demands upon the present ability of electron accelerators
to provide the necessary combination of high beam brightness and
high peak and average beam current.

The electron source and injector are critical technologies
in this area and cathodes with an intrinsic brightness capability
of » 2 x 1011 A/(m? rada?) at beam currents of several kiloamps
are reguired for a number of presently planned devices.



2.0 RBrightpess and Emittapce of Rlecrron Beams pnd Gathodes

Brightness and emittance are two parameters used to measure
the quality of an electron beam in terms of laminarity and energy
spread. Brightness is the easier concept to grasp intuitively.
It is defined as the beam current per unit cross-sectional area
per unit solid angle,4 with units of Amps/(meters)? steradians.

Emittance is & less obvious but in some respects more
rigorous measure of the discrder cof an electron beam in terms of
the distribution of positions and momenta of the clectrons.
Unfortunately a great deal of confusion has occurred because
authors in differing disciplines have used different definitions
of emittance. This distressing situation has reached the point
where the major laboratories working on high power FELS all use
their own definitions of emittance.,, This renders comparison of
data between the groups needlessly difficult.

In part this arises from the relatively non-intuitive nature
of emittance as a measurement parameter. An extremely useful
monograph has been written and circulated by Samuel Penner of the
National Bureau of Standards (Appendix 1} which attempts to
clarify the situation and proposes a common working convention
for emittance and for the related gquantity brightness.

A beam of particles may be regarded as distributed in a six
dimensional phase space about an arbitrarily selected reference
particle. Each particle will have coordinates x, x', y, y', %,
0E where x and y are space coordinates orthogonal to each other
and to t§e local direction s of the reference particle. x! =
%é, y’ =% , 2 is the distance along s from the reference particle
and 6E i§ the energy difference between the particle and the
reference particle.

This gives rise to an overall distribution function for the
particles in a beam felx, x', y, ¥y, £,6E). It is often
desirable to characterize the distribution of particles by the
separate transverse o©r 1longitudinal components of emittance and
the three two~dimensional phase space distributions asscciaoted
with f, are obtained by integrating over the other four
dimensions.

The most commonly used definition for a two-dimensional
emittance E is that E = 1/71 times the area in phase space (e.g.
x, x') occupied by the particles in the beam. It is often useful
to normalize this quantity by dividing the transverse momentum by
mc where m is the particle rest mass and ¢ is the velocity of
light in wvacuo.

This can be done by introducing a factor By such that

normalized emittance Ey = BYE. B8c is the velocity and ymc2 the
total energy of the reference particle,



The units of emittance are meter-rradians., Unfortunately, as
Penner points out, the factor 1/ nie sometimes omitted from the
definition of two-dimensional emittance, When the latter
definition js used the factorm may or may not be written
explicitly. Thus for example

E, = 2 x 10"% meter radians (a)
or E, = 27 x 10°% meter radians {b)
or E, = 6.28 x 10"% meter radians (c)

may all represent the same actual emittance, there being no way
to distinguish (a) from (c) unless an explicit definition is
proviged.

At present the major laboratories working in this area all
use normalized emittance but otherwise differ in their standard
definitions. Penner reports that Lawrence Livermore uses (a},
Los Alamos uses (b) and Boeing Aerospace uses (c). This
situwation coupled with the minor confusion generated by some
results being expressed in centimeter radians as opposed to meter
radians means that great caution must be employed when comparing
emittance data from different sources.

A similar situation exists with respect to brightness (which
may or may not be normalized by incorporating a (yB)< term).
Brightness may be defined as

B =m2i/v,

where V, is the volume in four dimensional phase space occupied
by the current i. The units of brightness are meters radians?.
The volume V, has an associated factor of T 2 which, as with
emittance, may or may not be explicitly included, thus
intreducing a potential order of magnitude uncertainty into the
comparisor. of the results of different workersl!

Brightness scales with current density which should
therefore be explicitly stated when considering the "intrinsic
brightness" of a cathode.



3.0 genexal Reguirepepte for Cathedes 4in High Bxightness
Elegtxop Guns

The first and most important requirement for a cathode for
a high brightness electron injector is a low and uniform surface
work function. This is a prerequisite for the cathode to be able
to furnish a copious supply of electrons by thermionic or
photoemission with a reasonable input of energy. (Cathodes based
upon emission from a plasma cloud constitute a special case eince
the plasma, which has effectively zero work function, may be
generated by voltage breakdown of a high work function material.
However for other reasons which will be discussed in detail later
in this review such cathodes are best suited to moderate
brightness, high current, low pulse repetition rate
applications.)

For high power FEL applications the following general
criteria must be met by candidate cathodes. The cathode should
be capable of a total emitted current of several kilcamps. (A
present applicaticn requires 3 kA at 3 MeV from the electron
gun). This requires that the cathode structure can be fabricated
with a physically large diameter, possibly as large as 20 cm
diameter depending upon the current density employed.

The cathode must be capable of supporting fully space-
char%ed limited emission current densities of several tens of
A/cm Current densities of 3102 A/cm2 may be desirable for
research purposes within the constraints set by the need to
support the extraction field gradients reguired for these
emission densities. It should be noted that the problem of
voltage breakdown becomes more severe as the size of high voltage
high current electron guns is increased,

In this context the cathode and its surrounding electrode
surface should be able to support a voltage gradient of % 120
kV/cm with pulse widths of 50-100 nsec. No degradation in
emigsion quality, pulse droop etc. should be experienced over
this time scale with pulse repetition rates of up to 5 KHz.

The intrinsif cathode brlghtﬁfss should be high, of the
order of 2 x 10 A/meter radian4 or better.

| y !
Cathode brightness B = T T

R? EE;)

where J = current and R = cathode radius. The kT term in the
denominator implies that the electron temperature in the cathode
should be as low as possible tominimize the energy spread of the
emitted electrons.

It must be possible to fabricate the cathode to precise
dimensional tolerances whichefust! bé maintained under operating
cenditions. The Pierce gun ,configuration currently employed



for many high brightness linear electron beam sources requires a

concave spherical cathode emitting surface. 1In a 3 MeV 3 kA
injector this would be of radius 25-100 cn for focussing

purposes. The electrode and cathode spacings muet be precisely
maintained in the gun in order to minimize sphexical and other

optical aberations which degrade brightness.

At high current densities the cathode surface must be
capable of being manufactured with & very smooth finish
{roughness = 0.1 um) to prevent "punch through"™ of the space
charge cloud above the cathode surface leading to localized areas
of temperature limited emission. Electrons from these regions
would experience little or no space charge smoothing with a
resulting drastic increase in energy spread, 16,7

Finally a practical cathode should ideally be capable of
operating in a moderate vacuum (10°6-107 torr) rather than an
ultra high vacuum environment, should have an operating lifetime
of hundreds of hours or more and if possible be reusable after
air exposure if the injector system is dismantled for servicing
or meodification.



4.0 gandjidate Cathode Iypes

A considerable number of different cathode types based on a
variety of different emiseion mechanisms have been suggested, and
in pome cases tested, as potential high brightness high current
electron sources for use in FELs.

The following general types of cathodes which encompass all
the realistic emission sources for high current FELs will be
reviewed in more detail., These are plasma and field emission
cathodes, oxide cathecdes, lanthanum hexaboride, laser driven

thermionic and photocathodes and impregnated tungsten dispenser
cathodes,



5.1. Rlasma Apd Kield Emigsion Latbodes

When an intense electric field is applied across the gap
between two conductors in vacuum a current of electrons is drawn
from local regions of the cathode. This current is observed to
flow at electric field strengths 100-1000 times smaller than s
consistent with the basic theories of field and Schottky enhanced
field emission applied to the electrode as a whole. For suffi-
ciently high field strengths the heat generated at these points
of local breakdown vaporizes and ionizes material from the
cathode resulting in the formation of local plasma flares. These
plasma flares have surfaces of essentially zero work function
from which macroscopic currents may be drawn. Energy from the
hot plasma couples to the cathode surface heating it further. 1In
time more and more regions of the cathode are "turned on™ until
the plasma surface covers the entire surface of the cathode. At
this point the current drawn from the cathode is generally de-
scribed by the space charge limited flow from the entire cathode
area.

Wwith further passage of time the plasma surface expands
rapidly towards the anode reducing the space charge limited
impedance of the gap (or in the case of an electron gun
increasing the microperveance) until the gap is completely
shorted by the plasma. In typical intense beam diodes with
electric fields at breakdown of ~ 1 MV/cm, initial turn-on occurs
in a few ns, complete plasma formation reguires 5-20 ns and the
plasma expands with velocities of 2-3 em/¥s, (this is the so-
called closure rate).

The area of explosive emission cathode plasmas in
relativistic electron beam diodes has been well reviewed by
Hinshelwood® in a 1985 report.

This type of plasma cathode is generally referred to as a
field emission cathode because of the assumed mode of initial
voltage breakdown from field emission sites or whiskers on the
surface. However a strong minority opinion holds that plasma
generation is initiated by explosive dielectiﬁc ?rffkdown of
surface dielectric inclusions due to charging.g' 11

This type of cathode has the advantages of cheapness,
simplicity, and tolerance of poor vacuum. These cathodes can be
fabricated in large diameters. Multi-kiloamp currents can rou-
tinely be drawn.

However the intrinsic brightness of this cathcde type is at
best moderate. The electron source is a plasma cloud with an
electron temperature Iin the region 1-10 eV. This introduces a
large electron energy spread in the emitted electrons.

The plasma c¢loud with its multiple initiaticon points
constitutes a temporally varying, spatially non-uniform eource.
As the plasma expands the effectime;spacing of the gun electrodes
changes drastically. There 1s in addition temporal uncertainty



in the pulse risetime arising from the delay associated with the
initial breakdown,

A variety of techniques have been devised to improve the
breakdown characteristics 0f the cathode surface and particularly
the spatial uniformity of the plasma cloud. An ingenious method,
although now of historical interest only, was the use of
"spark board" cathodes" at LLNL13 yhere a printed circuit was
patterned with a larg2 number of annular electrode pairs and
breakdown was injtiated almost simultaneocusly at a large number
of different sites by applying a voltage pulse to these elec-
trodes to initiate lateral dielectric breakdown across the snur-
face of the boarcd.

More recetrtly good results have been obtained with "felt"”
cathodes where many microfibers provide a large number of sites
for either field emission or dielectric breakdown.

However et best thfse catﬁfdes are capable of brightnesses
in the 10%-107 A/m< rad 5%95%? 4 ana brightness does not remain
constant during the pulse.,” !

A further limitation of these cathodes i the need to allow
the plasma cloud to clear from the cathode to anode gap before
the device can be pulsed again. This severely limits the pulse
repetition freguency. Typically rates of the order of a few Hz
are employed.

In addition the total number of pulses which can be drawn
from a plasma or field emission cathode is limited to a few
thousand pulses before the breakdown characteristics become too
degraded by destruction of the initiation sites many of which are
vaporlzed with each pulse.

This cathode is not therefore a candidate choice for high
brightness high p.r.f. high duty cycle applications.




5.2 Zrye Field Emission fathoges

7t should be noted in passilig that extremely high brightness
electron sources can be made from individual field emission tips
where electric field enhancement at a very small radius
refractory metal cmitter tip can generate local emission current

densities of 106-107 A/em?, The small tip radius results in a
total tip current limited to the mic.camp range by ohmic heating
of tip material. Such cathodes are uvsed as very high brightness
electron sources in electron microscopes.

Recently microcircuit fabrication techniques have been =sed
to construct planar arrays of many thousands of closely spaced
field emission tips aligned with apertures in a gate electrode
which serves i% the extractor electrode to draw field emission
from the tips.

These field emission arrays show promise for the future of
being able to provide low energy fpread electron sources
operating at tens or hundreds of A/cm“ and switchable with fast
rise and fall times vgith a voltage swing on the gate electrode cf
the order of 250 V.’

However the manufacture o©f large area field emission
cathodes 1s still some years in the future. Currently small area
arrays of 10" tips can be made and although high current
densities can be obtained total currents are still in the
milliamp region. The problem of fabricating these cathodes with
curved surfaces together with difficulties arising from
sensitivit¥9to voltage transients causing tip failure remain to
be solved.



5.3 Qxide Cathodes

Oxide cathodes have been known for more than fifty years.
They are Btill nrobably the standard thermionic electron source in
research r.f, linacs and for some years in the 19505 and 603 they
were the workhorse cathode of the microwave tube industry. They
are still manufactured in enormous numoers for cathode ray tubes
in oscilloscopes, displays, monitors and domestic television
receivers.

The oxide cathode consists of a metal (usually nickel) sheet
curved into the desired electrode shape for the cathode and
coatel with 2 thin layer of barium strontium calcium carbonate.
A resistance heater is provided to raise the cathode temperature
to 800-1000°C. :

When heated in vacuo the "triple carbonate” loses carbon
dioxide which is pumped away and generates a layzr of mixed
oxides of barium strontium and calciuvm. 8Slight reduction of the
barium oxide occurs, sometimes enhanced by "promoters” alloyed
into the nickel base which abstract oxygen. This generates a
small excess of metallic barium in the oxide layer which as a
result Bgcomes a low work function semiconductor electron
emitter.

The work function of the oxide layer activated by excess
barium is low enough ( “1.7 eV) to provide pulsed thermionic
emission current densities of up to 5C A/cm? at readily
attainable cathode temperaturez. The oxide cathode is cheap to
manufacture, commercially available and can be fabricated in
large diameters.

Unfortunately the intrinsic brightness of the oxide cachode
falls rapidly with increasing current density. This arises
because the thickness of the oxide emitting layer is of the order
of .005 inches and the activated coxide has significant ohmic
impedance. This limits the d.c. fnussion density of the oxide
cathode to approximately 0.5 A/cm“. Above this current density
resistive heating ceuses thermal destruction of the oxide layer.
At higher current densities this c¢an be prevented by
proyressively reducing the pulse width and duty cycle. However
at current densities of tens of A/cm® a substantial veltage
gradient oxists across the oxide layer. This gives rise to
voltage variations from point to point across the cathode surface
which imposes an equivalent energy spread on the emitted
electrons thus degrading the cathode I ghtness.

10



5.4 Lapthanun Hexaboxide gathodes

Lanthanum hexaboride is an interesting material in that it
has been found to behave as a moderately low work function bulk
emitter. The low volatility of LaB, permits it to be heated in
vacuo to 175 °-2000°5. At 1900°K the evaporation rate is of the
ordes of 107 gms/cQ /eec and an emission current density of 8-10
A/cm“ can be drawn. 1 ﬁ} higher temperatures current densities
of several tens of A/cm“ can be obtained. These high tempera-
tures are necessary because the work function ?f even the lowest
work function crystal plane (the (310} plane}2 of LaBg has been
measured at 2.50 eV.

Ppolycrystalline LaB: material has some problems of stability
and reduced brightness due to the spread of work functions (2.5-
3.2 eV) between the different exposed crystal planes and the
growth of ﬁome planes at the expense of otherz during cathode
operation.2 Single crystals can bhe %rown and are commercially
available in diameters of 3-5 mm.44/%45 Impressive brightness
figures have been obtained from pointed single crystal LaBg
emitters in the thermionic triode electron guns used in electron
microscopes,

Brightness values as high af 1-2 x 1011 A/m?rad? at emission
current densities of 40-50 A/cm“ have been reported for small
LaB, single crystal emitter tips operating at about 20709k, At
this temperature cathode life is very short, however at lower
current densities lifetimes of more than 1000 hours have been
obtained with gpfgﬁﬁ}ng temperatures of 1800-1900°K. Several
grogps report2 ré3,3 brightness figures of 0.8-1.0 x 101 A/rn2
rad under these conditions. 1t should however be noted that
electron microscope guns typically deliver beam currents of much
less than a microamp, a very different operating regime from the
kiloamp requirements of high power F.E.L.s.

The high required operating temperatures present problems in
using LaB, since at elevated temperature it is highly reactive
chemically towards almost all support materials. The least in-
compatible materials are carbon and rhenium. Heater power (and
life) also present engineering problems at these temperatures.

LaB, as a bull emitter is capable of emitting electrons
under conditions of antense ion bombardment. Destruction of the
surface simply exposes more material although generally with
perturbed stoichiometry which somewhat increases the work
function. For this reason large polycrystalline LaB, cathodes
have been used in high power gas discharge based lasers and in
ion Bources. In the latter case ion plus electron current
densities can be very high.

The largest LaB, cathodes reported in the unclassified
lierature have probably been fabricated by Leung at Lawrence
Berkeley. He reports that simple bar type large area LaB
emitters tend to fracture igmoperadtion due to a combination 0?
the high co-efficient of, thermal, expansion, t™e high required

11



operating temperature and the brittle ceramic like mechanical
characteristics of Lab,.3l However Leung has successfully
fabricated and operated a massive tapered LaB, filament 10 cms
long and varying in width from 0.5 to 1 ¢cm, cut%rom a LaBg plate
in the form of a double hairpin_zig-zag to accommodate the
stresses due to thermal expzlmsit:m."2

He has also successfully fabricated and operated & thin
walled cylindrical LaBg cathode 1.1 Sms in diameter and 5.5 cms
long with an emitting area of 13 ¢m“ in an ion source, 3 This
latter cathode operated at 2000°K, with a c:%bined ion and
electron emission current density ¢f 100 A/cm® under a high
pressure of cesium vapor. Brightness is not & meaningful gquality
in this regime but it is noteworthy that such a large LaB
cathode can be fabricated, and adeguately mechanically supporteg
at operating temperature in a practical device.

Notwithstanding their high current density capability it is
clear that LaBg cathodes are not optimum as high brightness
emitters in very large electron guns. There are three reasons
for this. First LaB, emitters over ~ (.7 cm in diameter
presently have to be made from peclycrystalline material. Even if
large single crystals were available the concave cathode surface
in a Pierce gun would expose several different crystal planes
with a substantial spread of work functions. Seccnd, at 2000°K
the electron energy spread is of the order of 0.2 eV,
approximately double that of alternative thermionic emitters
capable of operating closer to 1000°K. Third, due to the high
required operating temperature coupled with the brittle nature of
LaBg, thermal expansion stresses present severe problems for
large area cathodes,

Leung has successfully fabricated a 5 c¢cm diameter planar
disk LaBg cathode which could potentially be ground into a con-
cave spherical shape suitable for a Pierce gun. However he
considers that for diameters larger than this would be necessary
to cut spiral or zig-zag channels completely through the mater:al
in order to divide it into the eguivalent OS thin strips to
accommodate stresses due to thermal expansion. 4  such channels
would not be desirable in a Pierce gun cathode as they would
perturb the extraction field at the surface. Field penetration
into the grooves would introduce n unacceptable amount of
translaminarity into the emitted electron trajectories with a
gserious sacrifice of brightrness,

12



5.5 Laser Priven Thermipnic Cathpdeg

A novel approach to the problem of generating short pulses

of high current cathode emission with high intriysic brightness
has been pursued by Oettinger and co-workers, > By rapidly
heating the surface of either a smooth cesiated tungsten plate or
an actual B-type impregnated porous tungsten dispenser cathode
with a Q-switched Nd:glass laser they were able to gencrate
pulses of spsce—charge limited thermionic emission at several
tens of A/cm over a time scale shorter than that of the thermal
desorbtion of the activator layer (Cs or Ba) from the irradiated
cathode surface.

This technique seeme unlikely to lead to a FEL cathode
capable of operating at high pulse repetition frequency since
some hundreds of nanoseconds after the onset of the thermionic
emission a second current pulse was observed due to plasma
formation via thermal desorption c¢f cesium or barium atoms from
the cathode surface, Probably because these plasmas were
largely composed of heavy metal ions their closure velocities
were relatively low, (0.17-0.4 cm/usec for Cs).

This experiment is of value however because of the insight
it gives into the desorption behavior of cesium under intense
laser irradiation, which is directly relevant to laser driven
photocathodes. It also raises the possibility of switching the
beam in synchrony with the incident laser pulse, in this case by
rapid thermal cycling of the cathode surface.

In cathodes where work function reduction is accomplished by
the presence of a polarized layer of an alkali or alkaline earth
metul chemisorbed to the surface of a higher work function metal
the lowest surface work function is obtained with a sorbed layer
of cesium {or cesium and oxygen}. Cesiated tungsten can have a
work function as low as 1.6 eV rather than the 4.5 eV average of
clean tungsten. Due to the smaller atomic radius and lower
pclarizability of barium a barium/oxygen coating on tungsten only
lowere the work function to around 2.0 - 2.1 eV. Notwithstanding
this, in conventicnal thermionic emission it ise possible to draw
much higher current densities from a barium activated tungsten
surface than from its cesium activated counterpart. This 1s
because the cesium is relatively weakly bound with an activation
energy for desorbtion of 2.05 eV as opposed to 3.5 eV for barium.
Hence the barium coated surface can be heated to a higher
temperature than the cesiated surface before the activating metal
desorbs, This temperature differential is more than sufficient
to compensate for the difference in work function, due to the
exponential dependence of emission current density upon
temperature.

13



5.6 Jlasexr Priven Photocathodes

Some electron accelerators used to drive FELs require trains
of very short (£ 50 ps) current pulses with very high repetition
rates (many ™"Hz) and with high peak brightness. (See Section
6.0). Photocathodes illuminated by intense light pulses from a
mode locked laser are-potentially capable of f£illing this need.

The process of photoelectric emission from a conductor intc
the vacuum involves the following three steps:

(i) absorption of incident photons and transfer of their
energy to the electrons (excitation of photoelectrons).

(ii) movement of the photoelectrons from the excitation site
to the photccathode-vacuum interface.

(i1i) escape of the electrons through the interface into the
vacuum.

For making an efficient photocathode, the highest possible
efficiency is required for each of the three stages. 1In an ideal
photocathode each incident photon should excite an emitted
electron to provide a guantum yield of 100%. 1In reality the
guantum yield never exceeds 50% and %%re typically rangefs from
~ 10% down to < 1079% for some metals.

5.6.1 Pure Metal Photocatbodes

Metals are characterized by high optical reflectivity which
prevents the penetration of the majority of the incident photons.
Photoelectrons generated in metals are particularly susceptible
to transport losses because of the high probability of collisien
with free electrons. Finally the work functions ©of most metals
are high, reaching 4~5 eV in some cases.

Notwithstanding these unfavorable attributes and the
resulting extremely low guantum yields clean metal surfaces are
very robust. They can absorb high incident laser powers and cgg
operate with little or no degradation in vacua as poor as 10
torr.

Current densities of up to 170 A/cm2 have been claimed by
Bherman et al. for a magnesium photocathode illuminated by 2
piccsecond pulses of 313 nm uv light fﬁom a frequency doubled dys
laser ayluminating an area of 0.05 cm“ with peak power of > 10
watts, Peculiar effects were experienced due to the short
pulse width, which was shorter than the electron transit time. A
very low extraction field gradient of 0.5-2 kV/cm was reportedly
used by these workers.

In experimentse by workers from Los Alamos and the Naval
Postgraduate Schocl where an ArF excimer laser was used to 11-
luminate a 3 cm? copper photocathode with 15-30 nsec pulses of
193 nm uv light at 2~3 Hz, 70 A/cm? space-charge limited emis-
sion was cbtained with anoextractien field gradient of 100
kV/cm, 8 The current pulse closely matched the temporal preofile

14



of the laser pulse. A peak laser power density of 4 x 10°
watts/cm“ was employed corresponding to 100 mJ/em* per pulse.

In terms of potential FEL applications the low gquantum yield
of pure metal photocathodes sets unacceptable limits on the
attainable pulse repetition rate except for short pulse trains.
Thus at a 5 kHz p.r.f. with a 50 nanosecond pulse width (which is
one of the specific applications reguirements againet which
cathodes are being judged in this review) the copper pheotocathode
eurface described above would rapidly exceed the melting point of
the material even if state of the art ceooling technigues
analogous to those used tor the copper electron collectors of
high power microwave tubes were employed. A multikilowatt
average output power laser would also be required.

5.6.2 Negative Elegtron pffinity FPhetocathodes

The proportion of the .ncident laser power dissipated as
heat in the photocathode surface is a function of the reflectivi-
ty and gquantum yield. The highest available guantum yield photo-
cathodes are fabricated from heavily p-type doped semiconductors
activated by a monolayer of cesium and oxyren 9 (or fluorinel.
Monccrystalline p-type GaAs of other p-type I1I-V compound in the
form of semiconductor wafers or epitaxial layers are typically
used and such cathodes can exhibit guantum yields of tens of
percent.

These structures have very long photoelectron mean free
paths and hence escape depths of the order ¢f 1 um. Band bending
at the surface by the cesium dipole layer reduces the surface
barrier to zero or more usually to a negative value. These
photocathodes therefore possess negative electron affinity
{NEA) and are known as NEA emitters.

Single crystal (100) GaAs cesiated NEA cathodes have been
investigated for use in the lasertron by Sinclair4? and ?y
Springer and co-workers at Los Alamos for use in FELs.
Sinciair has extracted emission current densities of ug to 180
A/cm® using light pulses from a mode locked NA:YAG laser.

These cathodes are essentially cold emitters. Hence the
thermal contribution to the electron energy epread is Emall.

However the features of these cathodes which give rise to
the very high attainable guantum yie .ds result in engineering
tradeoffs which cast in gQuestion the suitability of these
cathodes for uee in practical high average power devices.

Firstly the large escape depth of the active layer of these
cathodes gives rise to an intrinsic emission-time uncertainty.
This has been measured to be in the range from B to 71 pico-
seconds for active layers between 50 nm and 2 Um in thickness.4”

Second, defect-free smingle crystal 111-V substrate materaal
is not yet available commercialdy wWith the quality consistently
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high enough to reproducibly fabricate high quantum yield
cathodes, Quantum yield variations of .1-9% from wafer to wafer
are typical, Large point to point quantum yield variations on
individual wafers make the fabrication of large area cathodes
particularly difficult.

Third, and perhaps most serious, the negative electron af-
finity of these cathodes derives from the presence of a sorbed
monolayer of cesium and oxygen. Cesium is exceedingly reactive
chemically towards electronegative species. It therefore vi-
gorcusly getters a variety of residual gases in tne vacuum envi-
ronment of the cathode. 7This process destruys the dipole struc-
ture of the Cs/O(F) surface layer which is vital to the NEA
effect. In addition cesium is rather weakly bound to the cathode
surface and tends to desorb slowly even at room tempcrature,

Since there is only a monolayer of cesium available at the
cathode surface this type of photocathode shows steady degrada-
tion even in an ultrahigh vacuum elvironment (»30% performance
loss after 20 hours at 10°10-10" torr) unless the surface is
periodically reformed from an external cesium sBour<ce. NEA
cathodes are thus extremei% fragile and reguire a working vacuum
environment in the < 10 torr range plus the provision of a
cesium channel and O, or NF3 sources for cesium replenishment and
reactivation.

The gettering of residual gases is probably the dominant
degradation mechanism in NEA photocathodes, however cesium de-
sorbtion might take over at high pulse repetition rates where
more average energy would be dissipated in the photocathode
surface, The high conversion efficiency of these cathodes re-
duces the proportion of the input energy lost as heat however.

Cesiated 111-V semiconductor NEA cathodes as presently
fzcrricated have very smooth surfaces. They are planar not curved
(they are based on single crystal wafers obtained from suppliers
to the microwave and high speed microcircuit industry). However
it should be noted that at sufficiently high emission vurrent
densities a planar cathode could in principle be used in a high
brightness electron gun with zero initial electrostatic conver-
gence.

Their voltage hold-off characteristics are not yet well
known. However the inevitable presence of a small partial pres-
sure of cesium is & cause for concern here because of the reduc-
tion in the work function of the other electrodes in the gun due
to adsorbed cesium which increases the magnitude of field emis-
Bion currents flowing from incipient breakdown sites. The very
narrow effective pulse widths which would be employed in r.f.
linac applications of these cathodes tend to somewhat delay the
onset of voltage breakdown problems as a general rule. However.
it is likely that the mrnximum voltage gradient that could bec
supported would be reduced in & cavity containing a cesiated NEA
emitter.
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5.6.3 ggsinm Ankinenids Ehokecathede

Compounds composed of alkali metals and antimony form semi-
conductors with good photoemissive properties. The multialkali
Cs-Na~K-Sb eystem discovered by Sommer*®# (the §-20 photocathode)
is widely used commercially in photomultipliers euc. Recently
the earlier binary composition Cs3Sb (the 5-11 photocathode) has
been inx:stigated as a potential electron source for use in r.f.
linacs.™”

Cesium antimonide photocathodes are positive electron af-~
finity photoemitters. The Eaterial has a photoelectron escape
depth of a few nanometers,? The quantum yield of Cs3Sb photo-
cathodes is therefore substantially lower than that of the NEA
111~V photocathodes, being in the range 1-3%, however the shal-
lower escape depth of C6;Sb essentially eliminates the emission
time jitter of the NEA emitter. The quasi-bulk emitter structure
of the Cs3;5b material renders it somewhat less Bensitive to
ambient vacuum conditions.

The spectral response of Cs,Sb extends fromA = 640 nm (1.98
eV photons) to A< 320 nm (> 3.8 eV photons). This material can
therefore be used with a frequency doubled Nd:YAG laser () = 532
nm) which can be Q-switched to generate short intense light
pulses or modelocked to deliver trains of very short pulses at
very high pulse repetition frequency.

P. QOettinger and co-workersd? have developed prototype laser
driven Cs;Sb photocathodes in this countrja They have fchieved
peak current densities of up to 200 A/cm“ from a 1 cm® photo-
cathode irradiated with single 50 nanosecond pulses from a
Nd:glass Q-switched laser. The energy spread for Cs,5b photo-
electrons generated by 532 nm irradiation is approximately 0.2
eV, which sets a minimum value to the transverse energy spread
of the beam. R?cently Qettinger has measured a normalized
brightness of 101 A/m2 rad® at 80 A/cm2 from a Cs45b cathode.49

Investigators at the University of Tokyoso have also ob-
tained promising results, generating a train _of 35 picosecond
pulses with a peak current density of 75 A/cm? and a puice re-
petition frequency of 2884 MHz by irradiating a 1.33 cm® Cs45b
photocathode. (The high p.r.f. was obtained "by etalon up-
converting a modelocked Nd:YAG pulse frequency of 169.6 MHz).

Springer and co-workers at Los Alamos have tested Cs,5b
photoemitters in an r.f. accelerating cavity capable of gen-
erating a peak surface field of 60 MV/meter at 1300 MHz. They
repgrt a aveyage normalized beam brightness of 4.2 (f 20%) X
10 A/m“ rad“ with extraction Burregts 05 100-150 Amps and a
best brightness value of 9 x 101° A/m? rad? with a peak current
of 1%9 Amps, corresponding to a calculated current density of 600
A/cm baseg on the area of the photocathode illuminated by the
laser beam.”l
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This is & noteworthy result, particularly as the electrons
were accelerated to l.1 MeV in the cavity before the beam
brightness measurement was made. The current pu’ses were about
55 picoseconds in length, generated by a train of 53 picose~ond
532 nm light pulses from a freguency doubled Nd:YAG laser cavity
modelocked at 108.33 MHz. A Pockels cell gated the laser output
to give bursts of 108,33 MHz pulses with a maximum length of 20
UEs at an overall 1-Bz repetition rate.

Cesium antimonide photocathodes are fabricated in situ by
evaporating alternating layers of Cs and Sb onto a substrate
(typically nickel plated copper) held initially at 130-150°cC,
There is some trial and error involved in this procedure and it
is usval to illuminate the cathode surface with low intensity
white light and monitor the photo current while adjusting the
deposit compos%}ion for maximuq guantum yield. A vacuum of
better than 107 (preferably 10740) torr is necessary for this
procedure.

For experiments in which high extraction fields will be
applied to Cs;5b photocathodes the cathodes have typically been
fabricated in a separate UHV preparation chamber and then moved
under UHV conditions through a sample *ransfer line into the main
experimental chamber or electron gun, The whole system including
the experimental chamber must be bakeable as a unit to 200-250°C
in order to achieve the low background pressure required,

A separate preparation chamber is used to form the Cs5,5b
layer, partly to minimize the amount of cesium deposited upon
high veoltage insulators and electrode surfaces 1in the
experimental chamber which would otherwise exacerbate the
problems cf high voltage breakdown. Unfortunately this procedure
of transference from the cesgium evaporation chamber is known to
produce rnathodes which are as a rule rather unstable with time
and in operatiopé generally exhibiting a continuing reduction 1in
guantum yield.” This is because of the strong tendency of
cesium to desorb from the cathode. At room temperature the rate
of loss of cesium from a cesium antimonide photocathode which 1is
in an "alkali-metal-free" vacuum e viroanft has been found to be
cf the order of 5 x 10" atomse/cm</sec. However i1f a (Cs.5b
photocathode degrades to too great an extent it can be reformed
in vacuo after returning it to the preparation chamber, by first
heating the substrate to 400°C, which evaporates all the cesium
and antimony and erases the cathode and then cooling to 130-150°C
whereupon a new cathode can be constructed on the cleaned
substrate,

Cs,5b photocathodes represent a different set of engineering
compromises from the negative-electron-affinity cesiated 111-V
semiconductor photoemitters. They are somewhat less sensitive to
the vacuum environment {(although rtill requiring pressures below
1077 torr), suffer much less pulse broadening due to photo
emiesion time jitter and are considerably easier to fabricate.
They can be made on curvVed substratés and they can generate
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impresgive emission current densities with low electron energy
spread.

The engineering tradeoff for these advantages is the
relatively low quantum yield. The preparation conditions
described above routinely result in guantum yields of 1-2% for a
1 em? c53Sb cathode., (Uniformity of quantum yield from point to

point over larger area cathodes is still a problem.)

The gquantum energy of frequency doubled Nd:YAG laser 1light
at 532 nm is 2.3 eV. The incident prak laser power required to
generate a photocurrent of 1 amperes is

P= 2,3 1/(quantum yielad), R
For a nominal quantum yield of 1% a current density of 100 g/cm‘
requires a peak incident power density of 2.3 x 10" watts/cm‘.

The phase angle constraints of r.f, linacs limit the width
of the electron bunches to approximately 3°, 7This implies a
maximum duty cycle of ~18, Runnifg at this duty cycle with a
peak current density of 100 A/cm“ a Cs4Sb photocathode would
receive an average %ncident laser power %ensity of the order of
2.3 x 10° watts/cm<, ©Of this; 1% would be removed as photo-
electronf and approximately 30% would be reflected leaving 160
watts/cm® to be dissipated in the photocathode surface.

Heating of the Cs,8b surface to guite moderate temperatures
leads to rapid evapcragion of cesium with resulting reduction in
quantum yield and the danger that a cesium plasma cloud will form
leading to uncontrolled electrical breakdecwn in the gun. The
upper operating temperature limit for a Cs,8b photocathode 1is
probably 100-120%C. A highly conductive well-cooled substrate
will be regquired to avoid exceeding this if the average power
input is increased from its present low levels.
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5.7 JAnprggnated Eeneus Tungsten Rispsnsgxr Lathedes

Impregnated tu%%sten matrix dispenser cathodes were de-
veloped in the 19508 to serve the needs of the microwave tube
industry which was suffering from engineering constraints imposed
by the current density limitations of the oxide cathode. In the
context of this review the key features of the digpenser cathode
are that it uses barium rather than cesium as an activator for
the emitting surface and that in cperation it continuously re-
generates the work function reducing layer by dispensing a supply
of barium atoms which diffuse from the underlying matrix via
millions of micropores opening onto the emitting surface. These
pores might, in photocathode terms, be considered analogcous to
millions of minute cesium channels with their orifices actually
in contact with the cathode surface.

The strong binding of barium to certain high work function
metal surfaces means that a dispenser cathode can be heated to
elevated temperalure in vacuum (1000°-~1100°C at which temperature
cesium would rapidly be lost) without excessive desorption of the
activator layer.55 Such barium as does evaporate is immediately
replaced by dispensation from the matrix in a continuous dynamic
equilibrium, At these temperatures high current densities can be
drawn from advanced dispenser cathodes.

The superiocr performance and reliability of the dispenser
cathode has made it the standard cathode for the microwave tube
industry. Ninety percent of the hundreds of millions of dollars
worth of microwave tubes shipped in the USA each year contain
dispenserx cathodes. Large numbers of dispenser cathodes are also
used in argon and krypton ion lasers (where they operate under
conditions of intense ion bombardment) and in the xenon arc flash
lamps used to pump Nd:YAG and Wd:glass laser rods. In flashlamps
combined ion and electron current densities at the cathode can
reach tens of thousands of A/cm4, However brightness is not a
meaningful parameter under these circumstances which differ sub-
stantially from those pertaining to electron emission in vacuum.

The military importance of microwave tubes has prompted all
three Services to allocate funding to dispenser cathode
development. During the past seven years much effort has been
devoted to the study of the operating mechanisms of dispenser
cathodes and their detailed physics,

Areas uch as ma rix ard im%regnant chemistry,se'57 barium
transpogf matrix materials,®’ emission enhancing metals and
alloys, the micro structure of the barium/oxygen act%gator
layer, 66~ 72 the poisoning effects of residual gases,
a~nhievable lifetimes at various current densities etc. 77-179 have
been investigated in depth. As a result of the understanding
gained it has become possible to design improved cathodes on the
basis of engineering knowledge rather than empiricism. Parame-
ters may be controlled and@ailored for specific operating re-
guirements e.q. ultra;long.life at.moderate current density for a
downlink transmitting tobé in ah 'earth“satellite or maximum ion
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bombardment resistance during high current density c.w. operation
in a travelling wave tube used for electronic warfare,

The impre%nated tungseten dispenser cathode was first re~
ported by Levi8Y in 1953 and was a natural derivative of the &o-
called L-cathode developed earlier by Lemmens and co-workers,Bl
The L-cathode was capable of c.w., catheode current densities at
least an order of magnitude higher than an oxide cathode,
although at the rather high temperature of 1250°C, witha life of
some 2000 hours. Originally the impregnated cathode, containing
a varium oxide/alumina melt, gave roughly a factor of five lower
current density than the L-cathode; however Levi 2 found that by
adding calcium oxide to the impregnant the current density
capability could be made comparable to that of the L-cathode.
This embodiment constituted the Philips B-type cathode with an
impregnant mix of 5 Ba0:3 Ca0:2 Al,0,.

The basis of the emitter of the typical impregnated cathode
today is essentially unchanged from Levi's development. It
consists of an indirectly heated porous tungsten matrix
fabricated from 4-54 average grain size powder, which is
isostatically pressed and sintered to give an overall porosity of
around 20% with good pore interconnectivity. The tungsten pellet
is impregnated with a melt of mixed calcined Ba0-Ca0-Al,05 drawn
into the pores by capillary action in a% atmosphere of dry
hydrogen, After activation in vacuum (1377 torr or better) at
1150°Cy, the cathode ie capable of 2 A/cm? at 1050°Cg, and
ongoing life tests in excess of 70,000 hours exist a% this
current density.

Tungsten is an excellent material for formulating the frame-
work of the bulk cathode matrix, due to its chemical reactivity
and high temperature dimensional stability. However, it is nhow
known that tungsten is not the optimum material for the actual
emissive surface. For high-current-density operation the cathcde
surface must be modified to improve the binding of the barium
oxygen dipole layer.

The simple concept ©of modeling the dispenser cathode as a
two component system, these components being the activator
generating "chemical factory" of the bulk matrix and the
activator binding cathode emitting surface with its chemisorbed
barium/oxygen dipole layer, hagﬂproved to be the key to improving
dispenser cathode performance.®” The twc components considcred
in isolation can beg scparately optimized for their epecific
functions.

The basic tungten matrix dispenser cathode is limited te 2-4
A/cm* fully~space-charge~limited emission at acceptable operating
temperatures, This 1s due to the imperfect binding of the
barium/oxygen electric double layer toc tungsten and to large
local variations in the work function caused by differing activa-
tion of the various crystal planes of the individuai tungsten
grains exposed at the surfaged
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In the 19608 work in Europe focussed on the formation of
csuperior emitting surfaces by sputtercoating tungsten dispenser
cathodes with other metals. Rhenium, osmium and iridium surface
layers were found by zalmP4 to activate to a lower, more uniform
work function than tungsten giving higher current density
capability,

More recently improved understanding of the operating
mechanism of dispenser cathode has led to an order of magnitude
increase in emission performance.

Two factors were instrumental in this performance
breakthrough:

1. Understanding and control of the effect of the sputtered
surface film microstruc*ure and composition upon work function.

2. The development of subsurface diffusion barriers to
stabilize the sputtered surface film at the temperatures required
for emission current densities of 100 A/cm2 and above.

The primary requirement for dispenser cathode opercticon at
very high current density is a uniform surface work function well
below 2 eV. This permits cathode operation at temperatures low
enough to prevent material limitations and barium evaporation
rates from impacting excessively uwpon catnode operating life.

A substantial work function reduction can be achieved by
employing alloy sputtercoatings with controlled composzition
rather than pure platinum group metals.

It has been found that variations in the ratio of osmium to
tungsten in the surface coating of a cathode have a marked
influence upon the surface work function achieved. For binary
alloys the optimum composition lies in the range 50-60% osmium.
A cathode with this coating composition is capable of providing
nine or ten times the fully-space-charge-limited current density
obtainable from an uncoated tungsten matrix dispenser cathode at
the same temperature.

Ternary alloy cocating compoesitions have been utilized to
achieve very low work function dispenser cathodes with only a
very small variation in work function from polnt to point ACross
the emitting surface.

Surface uniformity becomes critically important at high
current density because of the small spacing between the
potential minimum and the cathode surface.

At current densities between 10 and 100 A/cm® the space
charge cloud above the cathode surface becomes comparable 5“
thickness to the diameter of the surface pores. At 100 A/cnm
the potential minimum spacing is of the same order as the micro
roughness of the as machined surface.

Any surface discontifnvaghesi ot patches of di1fferent work
function must have lateral dimensicng gmaller than the potential
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minimum spacing to avoid delaying the onset of fully-space-
charge-limited emission.

This is difficult to achieve without careful control of the
coating microstructure. A typical commercially-coated M-type
dispenser cathode displays a highly variable coating grain
structure and surface topography with visible pores, stress
cracks, and local lack of adhesion. As a result of rapid
diffusion of tungsten through cracks and along coating grain
boundaries areas of the surface form patches of osmium tungsten
alloy with an excessively high tungsten content which raises the
local work function.

The coating microstructure can be considerably improved
through critical control of the sputtering parameters. These
include argon pressure, deposition rate, electrode voltages,
substrate temperature, surface pretreatment, etc. By this means,
@ nearly ldeal coating microstructure can be achieved with a very
fine-grained £film, with minimal residual stress and uniform alloy
composition. Under the correct conditions, the sputtered film
will form smooth permeable caps over the matrix pore mouthe, thus
minimizing the space charge cloud perturbation by snurface
discontinuities.,

High resclution scanning Auger micrcscopy has shown no
getectable composition variations on a lateral scale cof 350
ngstroms for micreoporous coatings deposited under optimized
conditions. Substantial preferential orientation of the crystal-
lites in the sputtered £ilm can be obtained, which further nar-
rows the spread of work functiors on tne activated surface.

Techniques have been developed to stabilize the cptimized
surface composition and microstiructure against changes resulting
from alloying with the ulk matrix., These methods employ the
introduction of a diffusion barrier layer into the matrix surface
grains by enriching them with osmium or iridium by ch%%ical and
thermal pretreatment of the matrix before impregnation.

Coatings fabricated with optimized surface coatings and

subsurface diffusion barriers have been emigsion tested at 3 100
A/cm2 87

Fully-space-charge-limited emigsion at 50 A/em? was obtaine
at lOQODCB. The full space-charge limitation point at 100 Afcm
loading was attained at 1145°Cy with a 2 ysec pulse width. At
these temperatures the thermal energy spread of the electrons is
calculated tc be less than 0.15 eV, Extremely sharp transitions
between fully-space-charge-limited emission and temperature-
limited emission were obtained even at 100 A/cm?., This reflects
the high degree of composition uniformity and the narrcowness of
the work function distribution of the crystallographically-
ordered Burface layer. In combination with the spacecharge
emoothing of the electron velocities and spatial d.stributaion
which occurs during fully-@padersharge=limited operation these
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performance parameters are the key to the high intrinsic
brightness potential of the alloy coated dispenser cathode.

The dispenser cathode's emissive layer is a chemisorbed
electric double layer of barium and oxygen with an atomic
monolayer order of thickness. This barium-oxygen atomic dipole
layer has no measurable resistive impedance in sBeries with that
of the bulk matrix.

Therefore, extremely high current densities may be drawn
from dispenser cathodes in good vacuum without activator layer
destructicn by ohmic effects. The lack of resietive heating in
the cathode surface layer means that the dispenser cathode can be
run at a high average duty cycle. Indeed, experimental
experience has shown that under these conditions electron coocling
(the Bo-called Nottingham effect) rather than ohmic heating in
the matrix controls the cathode surface temperature.

The upper limits of dispenser cathode emission current
density capability have not yet been explored. It seems likely
that voltage breakdownB8 ang electron cooling effects8? will set
limits rather than problems intrinsic to the cathode emissive
surface. The 120 kV/cm operating field gradient criterion for
this review is already routinely «xceeded in microwave tube
electron guns using dispenser cathodes wiih multimicrosecond
pulse widths.
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Two cathode types stand out from among those reviewed as
having the most potential suitability for use in accelerators for
FELs. These are the Cs;5b photocathode and the alloy coated
impregnated tungsten dispenser cathode.

It is likely that due to the differing reguirements of
electron accelerators in terms of pulse width and pulse
repetition frequency, each of these cathode types may be best
suited to a specific variety of accelerator in application.

R.f. linacs require short pulses of current {(a few tens of
picoseconds in width) injected at a very high pulse repetition
frequency. This arises because of the small phase angle of the
r.f. field over which electrons can be accelerated without
drastic loss of brightness.

These pulse widths and pulse repetition frequencies exceed
the capabilities of grid switching techniques, which in any case
tend to increase the spread of transverse momenta of the
electrons as a result of grid lensing effects. Because of this
it has been the usual practice to pulse a thermionic (oxide)
cathode source at a subharmonic of the main linac frequency to
generate relatively long pulses of current. These pulses are
then temporally compressed in a klystron-like pre-buncher before
being injected into the linac proper. Unfortunately this pulse
width compression is obtained via velocity modulation and is
therefore at the expense ¢of an increased spread in longitudinal
energy of the electrons.

The ability to "switch" a photocathode with picosecond
current rise times in synchrony with the incident illumination
and tc generate intense pulses of photoemission current with an
electron energy spread ©f the order of 0.2 eV makes them very
attractive for use in conjunction with r.f. linacs. The
availability of cavity mode-locked Nd:YAG lasers able to generate
high peak power picesecond light pulses at the reguired p.r.f.
renders the application of Cs,8b photocathodes as electron
sources for high power linacs potentially feasible. Very impres-
sive current density and brightness figqures have been obtained at
the 1 MeV level with short pulse trains from a CsySb photocathode
in an r.f. cavity.

There are however a number of unknowns with respect to the
use of Cs,5b photocathodes as high current density electron
sources in full scale linacs operating at high average beam
power. The primary area for concern is the need for an uvltra
high wvacuum environment {(better than 10~ torrj, This is
difficult to achieve in such a situation.

The second potential problem area is the descrbtion of
cesium [rom the cathode surface which takes place slowly even at
room temperature. This widladimitithe:cathode lifetime and means
that the cathode mus’. be kept very cool (< 100-120°C) in
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operation or it will simply evaporate. Thie will become
increasingly difficult as the mean photon flux incident on the
cathode is increased with increasing average power in the device.

Finally the desorbed cesium will coat metal electrode
surfaces and insulators in the injector region and lead to an
increased probability of high voltage breakdown. Multipactor
generated secondary electron avalanches could also be a problem
in an r.f. cavity due to the reduced surface work functions.

The alloy coated tungsten matrix dispenser cathode does not
have the optical switchability of a photocathode, however it does
have a number of performance advantages which render it the best
candidate for operation in longer pulse width applications {tens
of nanoseconds or greater) which would be better addressed by
induction linacs.

The dispenser cathode is a well understood system based on a
mature technology. Dispenser cathodes are manufactured in large
numbers for linear beam microwave tubes and e6mall commercial
linacs for cancer therapy.

Dispenser cathodes are extremely robust. Their vacuum re-
quirements are 2-3 orders of magnitude less stringent than those
of photocathodes. This enormously eases the operating diffi-
culties in large scale high power electron beam systems. Because
of their internal barium generation and dispensation system dis-
penser cathodes are resistant to poisoning by residual gases and
to some extent self repairing in use. With appropriate precau-
tions they can be brought up to atmospheric pressure and reused
after storage in dry nitrogen if it is necessary to demount them
from the vacuum system of the injector while it is modified or
repaired.

Dispensexr cathodes can be made in large sizes, 17.5 cm dia
cathodes are commercially obtainable. 8izes up to 25 cm dia
could be made with minor modifications to existing fabrication
equipment. They have excellent dimensional stability and can be
machined to complex shapes and be highly polished.

Pulee width and duty cycle capabilities comfortably exceed
the criteria for this review. 100 A/cm? fully-space-charge-
limited emission current deneity has been demonstrated with 2
microsecond pulses. Duty cycle limitations are a function 05
electron cooling effects. However a 5% duty cycle at 100 A/cm¢
should be achievable with standard cathode heating techniques.

Barium evaporation rates from dispenser cathodes are low
(1079-30-10 gms/cm?/sec at normal operating temperaturs) and the
work function reduction caused by barium adsorbed onto adjacent
electrode surfaces is less Bevere than with cesium. If required,
electrode surface coatings wnich are extremely resistant to
barium adesorbtion have been, developed in the microwave tube
industry.
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Finally high brightness operation with 50 nanosecond pulses
at kilohertz repetition rates has been demonstrated at 700 amps
beam current using 3 1/2" diameter alloy cocated tungsten
dispenser cathodes fn & full scale induction linac injector test

stand at LLNL. The beam brightness of 1.3 x 1010 A/im rad;) was
measured after post Bcceleration to 1.5 MeV through several

accelerator stages without emittance filtering.
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7.0 Qonglusiens

The results of this review lead to the conclusion that Cs,8b
photocathodes and alloy coated tungsten matrix dispenser cathodes
have shown the best performance potential to date for high cur-
rent density, high p.r.f., high brightness applications.

It is probable that the former cathode type would be more
suitable for generating picosecond pulses with very high prf in
an r.f. linac while the latter would be more suitable for the
regquirements of an indwction linac with pulse widths of tens of
nanoseconds and prfs of several kHz. '

Ce3Sb photocathodes are at & relatively early stage of
development with respect to high current density high power
applications, however short pulse current densities of hundreds
of A/cm, have been drawn with excellent beam brightness under
U.H.V. conditione. Their optical ®"switchability”™ makes possible
the generation of short intense current pulses via Q-switched or
mode locked laser irradiation.

Alloy ccated dispenser cathodes are a more mature technology
due to their widespread use in microwave tubegs and medical
accelerators. They can furnish fully~space-charge-~limited
current densities of > 100 A/cm,. They do not possess the
ocptical switchability of photocathodes, however they are
thermally rcobust and can operate satisfactorily at pressures 2-3
orders of magnitude higher than those required by photocathodes.
Very gecod beam brightness has been demonstrated in a full scale
induction linac injector test stand using commercially obtained
advanced alloy coated dispenser cathodes.

28




Befsrences

1. T.J3. Orzechowski, B.R, Anderson, J.C., Clark, W.M. Fawley,
A.C. Paul, D. Prosnitz, E.T. Scharlemann, S.M. Yarema, D.B.
Hopkins, A.M. Sessler and J.5. Wurtele, Phys. Rev. Lett. 537{(17),
2172 (1986).

2. P.A. Sprangle, R.,A, Smith and V.L. Granatstein in "Infrared
and Submillimeter Waves,"” edited by K. Button (Academic Press,

3. T.J. Kwan and C.M. Snell. Phys. Fluids 2§, 835 (1983).

4. J.D. Lawson, "The Physics of Charged Particle Beams,"
(Clarendon Press, Oxford, 1977), p. 1lB2.

5. Y.¥Y. lLan, "Effects of Cathode Surface Roughness on the
Quality of Electron Beams," NRL Memorandum Report 5853, September
1986 (to be published in Journal of Applied Physics).

6. J.M. Finn, T.M. Antonsen, Jr., and W.M, Manheimer, "Space
Charge Limited and Temperature Limited Electron Flow in the
Vicinity of Edges and Conical Points,” NRL Memorandum Report
5945, May 1987.

B. D. Hinshelwood, "Explosive Emission Cathode Plasmas in
Relativistic Electron Beam Diodes," NRL Memorandum Report 5492,
January 18B5.

9. R.E. Hurley, J. Phys. D L3, 1121 (1980) and references
therein.

10. R.V. Latham, 1EEE Trans. Elec. Insul. El1-18, 194 (19B3).

1l. A.S5. Pokrovskaya-Sobeleva, V.V. Kraft, T.5. Borisova, and
L.K. Mazurova, Proc. Fifth Intl. Sy p. Disch. Elec. Insul. Vac.
(Poznan, Poland) 1972, p. 105.

12, G.A. Farrall, F.G. Hudda, and R.H. Johnston, J. Appl. Phys.
20, 3608 (1979).

13, D. Birx and G.J. Caporaso, "A Model for Plasma Cathode
Behavior,"” Univereity of California Radiation Laboratory Report,
URCL 85613, December 1980.

14. G. Bekefi, D.A. Kirkpatrick and R.E. Shefer, J. Appl. Phys.
57, 501) (1985) gge plep. G. Bekefi, R.E. Shefer and §5.C.
Ta: “er, Nucl. Instru. and Methods Phys. Res. Sect. A, AZRQ, 91
{luii ).

G. Bekefi and F. Hartmann, Appl. Phys. Lett. 43, 1680

15.
{1586).

29



l6. F. Hartmann, G. Bekefi, D.A., Kirkpatrick, R.E. Kinkowstein
and R.E. Shefer, "Temporal Evolution of Beam Emittance and
Cathode Plasma Uniformity for a Field Emission Diode," presented
at the 1987 1EEE Particle Accelerator Conference, March 1l6th-
18th, Wwashington D.C.

17. C.A. Spindt, 1, Brodie, L. Humphrey and E.R. Westerberg, J.
Appl. Phys. 41(12), 5248 (1976).

18. C.A. Lpindt, C.E. Holland and R.D. Stowell, App. Surf. S5ci.
A6, 286 (1983).

19. C.A. Spindt, C.E. Holland and R.D. Stowell, J. Phys. Collog.
(France), 45 (C9}, 269 (1984).

20. G. Herrmann and S. Wagener, "The Oxide-coated Cathode,” (2
vols), {Chapman & Hall Ltd., London, 19%51}.

21, Walter H. Kchl, "Handbcook of Materials and Techniques for
Vacuum Tubes," {(Reinhold, New York, 1967).

22. M. Gesley and L.W. Swanson, Surf., Sci. l46, 583 (1984}.

23. P.R. Davis, M.A. Gesley and L.W. Swanson, Surf. Sci. 107,
263 (1981). '

24. M.M. Korsukova and V.N. Gurin, "Single Crystals of Lanthanum
Hexaboride: Preparation, Properties and Applications” in
*Current Topics in Materials Science™ Vol. 11, Ch. 4, p. 389,
edited by E. Kaldis, (Elsevier Science Publishers B.V., North
Holland, 1984},

25, P.R. Davis, J.J. Hutta and D.L. Jcnes, J. Matls. Sci. 2},
825 (1Y86).

26. P.B. Sewell, "High Brightness Thermionic Electron Guns for
Electron Microscopes," Scanning Electron Microscopy/1980/1, pp.
11-24 SEM Inc., AMF O'Hare (Chicago), 1L 60666.

27. AN. Broers, "Thermal Cathode Illumination Systems for Round
Beam Electron Beam Systems,"” SEM/19879/1, pp. 1-9, SEM Inc., AMF
O'Hare (Chicago), IL 60666.

28. M.A, Noack, E.D. Gibson and J.D. Verhoeven, J. Appl. Phys.
23(10), 5566, (1980).

2%, S, Nakagawa, JEOL News, (Electron Optics Instrumentation),
ARE, 2 (1978).

30. Y. Furukawa, M. Yamabe and T. Inagaki, Fujitsu Sci. Tech. J.
201(3), 241 (1984).

31. K.N. Leung, P.A. Pincosy,and K.W. Ehlers, Rev. Sci. Inst,.
25, 1064 {1984).

30



32. P.A, Pincosy and K.N. Leung, Rev. Sci. Inst. 56, 655,
(1985).

33. K.N. Leung, D. Moussa and B.B. Wilde, Rev. Sci. Inst. 57,
1274 (1986).

34. K.N, Leung. Persconal communication.

35. C. Lee and P.E. QOettinger, J. Appl. Phys. 58(5), 1996
(1985).

36. M. Jedlicka and P. Kulhdnek, Vacuum 36, 515 (1986).

37. N.K. Sherman, P. Corkum and T. Srinivasan-Rao, SPIE High
Intensity Laser Processes, $44, 74 (1986).

3B. §S5.W. Downey, L.A Builta, D.C. Moir, T.J. Ringler and J.D.
Saunders, Appl. Phys. Lett. 49(15), 911 (1986).

39. J.P. Andre, M. Bolou, P. Guittard and E. Roaux, Inst. Phys.
Conf. Ser. 56, 412 {(1%81). BSee also Reference 36, p. 516 and p.
518 et seq.

40. C.K. Sinclair and R.H. Miller, IEEE Trans. Nucl. Sci. 28(3),
2649 (1981},

41, S.C. Stotlar, R.W. Springer, B. Sherwood and R. Cordi, Proc.
SPIE Int. Soc. Opt. Eng. 540, 251 (1985).

42. E.L. Garwin, W.B. Herrmannsfeldt, C.K. Sinclair, C. Weaver,
J.N. Welch and P.B. Wilson., I1EEE Trans. Nucl. Sci. N§-32(5),
2906 (1985),

43. C.C. Philips, A.E. Hughes and W. Sibbett, "Photochron Streak
Camera with Gahs Photocathode,®" in Ultrafast Phenomena 1V, Eds.,
D.H. Austen and K.W.B., Eisenthal, p. 420, ({(Springer-Verlag,
Berlin, 1984).

44. A.H. Sommer, Rev. Sci. Inst. 26, 725, (1955).

45. C.H. Lee, P.E. Qettinger, E.R., Pugh, R, Klinkowstein, J.H.
Jacob, J.5. Fraser and R.L. Sheffield, 1EEE Trans. Nucl. Sci.

NS-32, 3045 (1985).

46. L. Galan and C.W. Bates, J. Phys. D: Appl. Phys, 2. 1169

47. C.H. Lee, P.E. Oettinger, A. Sliski and M. Fishbein, Rev.
Bei. Inst. B56(2), 560 {(1985).

48. C.H. Lee, J. Appl. Phys. 34, 4578 (1981).

k)




4%, P. Oettinger, I. Bursuc, R.E. Shefer and E. Pugh, "Pulse-
laser Irradiated High Brightness Photoelectron Source," to be
published in Appl. Phys. Lett. (1987).

50. M. Yoshioka, M. Mutou, Y. Fukushima, T. Kamei, H. Matsumoto,
H. Mizuno, 8. Noguchi, I. Sato, T. Shidara, T. SBhintake, K.
Takata, H. XKuroda, N. Nakano, H, Nishimura, K. Soda, M. Miyao, Y.
Kato, T. Kanabe, and S. Takeda, "Lasertron Laser Triggered RF-
Source for Linacs in TeV Region," Proc. 1984 Linac Conf.
Gesellschaft fur Schwerionen-forschung, Darmstadt report
GSI-84-11 (September 1984), 469,

81, J.S. Fraser, R.L. Sheffield, E.R. Gray, P.M. Giles, R.W.
Springer and V.A. Loebs, "Photocathodes in Accelerator
Applications,” presented at the 1987 Particle Accelerator
Conference, wWashington, D.C,, March 16-19.
gee alse J.S. Fraser, R.L. Sheffield and E.R. Gray, Nucl. Instr.
and Methods in Phys. Res. A 250, 71 (1986).

52. J.D. McGee, "Residual Gases in Electron Tubes", p. 295,
(Academic Press, New York, 1972).

53. M. Oliver, J. Phys. D: Appl. Phys. 4., 962 (1971}).

54. R.G. Pohl and M. Williams, "Electron Emission Processes
Bibliography ior Super Power Cathode Study," RADC TR-60-115, (May
1960}.

55. R. Forman, Appl. Surf. Sci., 24, 587 (1985}.
56. H.K.A. Kan and R.R. Seaver, App. Surf. Sci., 25, 118 (1986).

57. Zhang Yi-Y¥ing, 2hu Quing-~Yuan and Zhang Ycng-Kang,
"Experimental Study of Calcium Action Mechanism in Calcium and
Barium Aluminate Impregnated Cathode," International Conference
on Microwave Tubes in Systems: Problems and Prospects (Conf,
Publ. No. 241}, 32 (1984}.

58. R.E. Thomas, App. Surf. Bci. 24, 538 (1985).

59. B. Free. G. Meadows and G. Jaafari, App. Surf., Sci. 24, 460
{1985).

60. L.R. Falrce, U.5. Patent No. 4,165,473,

6l1. M.C. Green, H.B. Skinner and R.A. Tuck, App. Surf. Sci., §.
13 (1981},

62, B. Latini, P. Cristini, 1. Fragala and G. Marletta,
"Performance Analysis of Three Different M-type Dispenser
Cathcdes," International Conference on Microwave Tubes in
Systems: Problems and Prospects (Conf. Publ. No. 241), 35
(1984).

32



63. K. Satoh, T. Sakurai and C. Kimura, JRC Rev. g4, 59 (1586).

64. A. Shih, G.A, Haas and C.R.K. Marrian, Appl. Burf. Sci. g4,
488 (1985).

65. A.F. Evdokimov, V.I. Balekin and E.1. Shitikov, Bull. Acad.
Sci. USSR, Phys. Ber. 43(3), 33 (1979).

66. R, Forman, IEEE Trans. Electron Devices ED-24(1), 55 {1977).

67. B.C. Lamertine, K.G. Eyink, J.V. Czarnecki, W.V. Lampert and
T.W. Haas, App. Surf. Sci. g4, 575 (1985).

68. G.A. Haas, A. Shih and C.R.X. Marrian, App. Surf. Sci. 4.
447 (1985).

69. G.A. Haas, A. Shih ¢nd C.R.K. Marrian, ibid. p. 430.
70. J.T. Grant and M.F. Koenig, App. Surf. Sci. 20, 481 (1985).

71. J.W. Gibson and R.E. Thomas, App. Surf. Sci. 16, 163
(1383).

72. D. Bricen, J.C. Tonnerre and A. Schroff, App. Surf. S5ci. 20,
423 (1985).

73. G.A. Haas, A. Shih and C.R.K. Marrian, App. Surf. Sci. 24.
372 (1985},

74. D.J. Schipper and M.H.G. Steeghs, App. Surf. 5ci. g4, 291
(1984).

75. R.A. Tuck, App. Surf. Sci. g, 128 (197%).
76, C.E. Malcney and N, Richardson, App. Surf. Sci. g, 2 (14981).

77. R. Forman and D.H. Smith, 1EEE Trans. Electron Devices,

Ep-26, 1567 (1979).

78, R.T. Longo, E.A. Adler and L.R. Falce, 1EDM Meeting,
Technical Digest, (Cat. No. B4CH2099-0), p. 318, (1984}.

7%. A.M., Schroff, P. Palluel and J.C. Tonnerre, Vacuum 30, 534
(1980},

80. R. Levi, J. Appl. Phys. 24, 233 (1953).

8l. H.J. Lemmens, M.J. Jansen and R. Loosjes, Philips Tech. Rev.
dl, 341 (1950).

82. R. Levi, J. Appl. Phys., 28&, 638 {1955).

33



B3. M, Feinleib arnd M.C. Green, 1EDM Meeting Technical Digest
(Cat. No. B4CH2099-0), p. 314, (1984).

84. P. Zalm and A.J. Van Btratum, Philips Tech. Rev. 27, 69
(1966).

B5. K. Spangenberg, "Vacuum Tubes," (McGraw Hill, 19%48), p. 193.
86. M.C, Green, RADC Report, RADC-TR-B6-32, (April 1986).

87. M.C. Green, E.L. Lien and G.V. Miram, "Advanced Dispenser
Cathodes for 100 A/cm2 Operation,” presented at the Third

National High Power Microwave Tube Technoloygy Conference,
Kirtland AFB, NM, Dec. 1986,

€8. A. Staprans, "Electron Gun Breakdown,” presented at the 1985
High-Voltage Workshop, Monterey, CA, Feb. 1985,

89, W.B. Nottingham, Phys. Rev. 23, 906, (1941}.

34



Appendix A
DRAFT MCONOGRAPH CIRCULATED BY 5. PENNER

A Proposed Conventfon for I'Jnittum and Related Quantities
Samuel Penner
Natfonal Buresu of Standards
February 1987

1. Introduction

The smittance of a particle beam (5 2 medsure of {ts disorder, A rea)
beam containg particles with a distribution of energies, positions and .
transverse momenta, Jt ts sometimes desirable to characterize the
distridution of particles by Just two numbers, the transverse and Yongitud inal
emittance, A great deal of confusion has occurred because authors from
varfous disciplines have used different definitions of emittance. A related
quantity, beam brightness, has an even greater range of possible definitions,
In this paper we compare & number of commonly used definftions of emittance
and brightness, and suggest some standard definitions,

A beam of particles 1s distributet In a six-dimensfonal phase space about
an arhitrarily«chosen reference particle, The distribution functfon 1s
folx,x',y,y' 2,8E) where x, y are the two $pace coordinates orthogonal to each
other and to the Yocal direction, 5, of the reference particle, x' = %{ ,

y' » g% o & s the distance along s from some particle to the reference
particfe". ard &€ {s the energy difference between any particle and the
reference particle, The three two-dimensfonal phase space distributions
associated with fg are obtained by fntegrating over the other four dimensions,

Q.g.,

fn(l.l.) .| fo(x,x',y,y' 2 ,88) dy dy' d2 o(8F) (1)
y.y'L, 8¢

ar! similarly for f_ and fE'

Y
The most commonly used definftion of a two dimensfona) emittance 13

¢ ';L times the area in phase space occuptat by the particles {n the beam“.

Sometimes the factor } {s omitted from the definition; when the Tatter defini-

tion is used the factor » may Or may not be written explicitiy, Thus for

example

T, "2 x 10°% meter radians (a)
t,»2nn 10°¢ m-rag (b)
¢, » 6.28 x 10°% m-rag (c)

»
AMternatively, one could wse time of phase instead of & for the longitudinal
coordinate,

1. J. D, Lawson *The Physics of Charged Particle Beams,” Clarerdon Press,

Oxford, 1977, page 178, o



miy 211 represent the same actual emittance, There 13 no way to distinguisn
(a) from (c} unless an explicit definit on 15 given. Each of these ways of
defining emittance has {ts proponents, Personally, 1 prefer (a) because it
i3 the definition used by Lawson fn a stendard reference work'", and because
1t 1s the same definition used In circular sccelerator theory, where 8 matched
beam ruﬂut 15 simply given by x = /g8, where 8 15 the Courant-Snyder
g-function 3.

A more fundamental problem occurs because 1n a real besam the distribution
of particles tn phase space {5 not uniform, nor s the distridbution neces.
sarily bounded by 8 gmooth surface., TYhe two most common ways of specifying
emittance are the “"envelope™ or "edge” emittance snd the RMS emittance,

The envelope emittance n a two-dimensional phase space 1 vsually
obtained from the smallest ellfpse which can be circumscribed about the (x,x')
coordinates of all the particles {n the beam, There are two problems with
this commonly used definition, First, the bounding ellfpse will have & larger
area than the actual particle distribution, and second the measurement of the
Yocation of al) the particles dmplies a perfect measurement apparatus. To
1\lustrate the first problem, consider 8 zerc emittance beam, one 1n whicn
x' » ax for #1) particles., 1If the beam 5 transported through a system with
spherical aberrations such that x' = ax ¢ br¥, the phase space area of the
beam renaing zerp, but the area of the smatlest circumscribed elifpse becomes
non-zero. To 11lustrate the second problem, consider a beam with a gaussian
spatial distridution, and & measurement system with some me~surement noise,
The apparent size of the beam will depend on the details of how the measure-
ment data §s reduced. Someti{mes one specifies the emittance fn terms of the
arer of a contour in phase space which contains a given fraction (e,5., $0T or
99%) of the particles, or in terms of & contour where the particle density fn
phase space 13 & specified fraction of the central density, The possibilities
are erdless,

The RM5 emittance concept removes all of the ambiguities {nherent in the
use of the envelope emittance, but Yntroduces some new ohes, The two
dimenstonal RMS emittance 13 given by

Gaus * [l - axH?fia ' (2)

2. My present understanding 13 that Livermore uses {a) {per Don Prosnitz),
Boeing uses (c) {per John Adamski}, and Los Alamos uses (b) (per Jerry
Watson),

3. €. D. Courant and H, S, Snyder, Ann, Phys, 3, 1(19%8).
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where ¢ 1nd1cntn the average for 311 the particles {n the deam of the
enciosed quantity, Unfortunately, "’f;' 1s & second comonly wsed
gefinition of cpus. g1ven by Lapostelle'”, Lapostolle's emittance, which we
shall designate ¢ related 10 cpye by €, ° &cp e, Lopostolle's emittance
is equa) to }he egve‘lope emittance of the Kapchinsky-¥iad imigsky (K-¥)
distribution It 45 also equal to the "20" emittance of & gaussicn beanm,

e{20) » k0,0, (3)

vhere o, » <x2>1/2 and ¢ 4 ® <x'3>1/2 are the RMS size and divergence of o
qaussian distridbution,

The concept of normalized emittance §s an especially usefu) one because
the concepts of statistical mechanics are valid in phase spasces where the
coordinates are configuration coordinates and their conjugate momenta, -

It follows from Licusville's theorem that particle densities {n normalfzed
phase space are {nvariant ard thus normalized emittances are preserved by
Yinear transformations, The transverse momentum associated with x s

py ® P g5 » where P 15 the momentum of the reference particle (aleny s by
“definition). It is conventional to divide by mc where m {5 the psrticle rest
mass ard ¢ the speed of light to obtain the normalized transverse momentum

-:;C‘-hﬁ-“,‘. (4)

We therefore define normalfzed transverse emittance as
tu E BTI: . : (5)

In eq(S}, ¢ can be any of the forms of (unnormslized) emfttance discussed
$hove, 870 £y 1s the corresponding normalized quantity, Bc 15 the velocity
ard v mc? the total energy of the reference particle, Under acceleration, in
the sbsence of nonlinear process, ¢y (of whichever form) 15 constant, For
relutivistic electron beams, the factor 8 (rl) 15 often omittes, The units of
normalized ard unnormalized emittance are the same, e.g9., meter-radfans,
m-mrod, etc, Occasionally one will see normalized emittance for an electron
beam quoted in unfts of “m c-cm™, or the Yike. When this abomination 1%
encountered, fnterpret 1t as radian-cm, {Note, however, that tm {5 not 2
prefer,ud unit,)

&, F. J. Sacherer, JEEE Trans, on Nucl, Sci, KS-18 {1%71) p. 1105.
5. P, M, Lapostolie, op.cit., p, 1101,

6. 1. M, Kapchinsky smd ¥, ¥, Viadimirgky, Proc, Int, Conf, on High Energy
Accelerators, CERN, Geneva {1559) wp. 274,
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Brightness 43 de ;nad as the beam current per unit crosssectionsl pres
per unit solid angle,'’ 1,e,

d
de 'EEIE . {6)
We yse the symbol dB to emphasize that brightness s a differential quantity,
Stordard practice in the FEL field 18 to give some average walue for the
entire beam, Unfortunately, the averaging process s seldom, {f ever,
defined, A “"reasonsble™ averaging process 1s to define

_L
8~ Tanon (7)
where 1 135 the current, The integral 1s taken over the total four dimensional
phase volume occupied by 1. For any distribution in which the particles are
confinad to & volume limited by

2 , 2
ey sLey o, (8)
X J
22
!dfdn-z c‘t, ’ (9)

thus for any such distribution {which {ncludes the X-V distribution),

R el (10)

LuC,

Mote that the definitfon (7) 15 not vseful for a distridbution function with
Infinite tafls (such as a gaussian), since 1 would be finite but fdAda i3
not.

In section 11 of this paper, we propose & standard convention for
reporting amittance and brightness. 1In section 111 we give the relationshi)
between the definittons used at several accelerator Vaboratories snd our
proposed dtandards, In section 1Y we discuss the concepts of wmittance arg
emittance fliters, Finally, {n section ¥V, we describe snd coOmpare some
commonly used distribution functions,

7. Reference 1, page 18T,
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i11. Proposed Conventions

Emittance, ¢y, (without any qualifying adjectives, arguments, or other
subscripts) 1s o times the total area of the dbeam in & twd dimensional
normalized transverse phase space, The units of emittance are meter-radians
(m-rad), or any power of 107 thereof guch as mill{meter-millfradfang
(mm-mrad}. Specifically, units of centimeters should not be used, 1f the
beam 15 not cyltrdrically symmetric about the reference pirticle, two
emittences should be stated, ¢y, ond ¢y,

Unnormalized emittance, ¢ ® g, /8y should be quotad 1n the game units as
Cyr &N with x ard y subscripts 1f necessary,

Root-mean-square-emittance, cpuc. The Sacherer definition, equation (2)
will be vsed,

Cans ® [<x?rex??> o axx*>2jiy2 (2)
The normaldzed RMS emittance 1% EnrMs * BYCpus o
Brightness, 8, Equation {10)should be used, It must be made clear whether
peak or average brightness fs meant, The units of brightness are (meters)?
steradians, or any power of 10% thereof, We recommend that emittance anrd
current be stated explicitly since brightness 15 often a misteading quantity,

Mormalized brightness By ® B/(8y)?

A-%




111. Crosswalk to other definitions

It t3 our understanding that the three laboratorfes {BAC, LANL, and LLNL)
a1l use normaYized emittance and brightness, Beyond that, they a1l go their
separate ways., The LLNL convention for emittance agrees with our proposed
standerd. LANL uses w times our standard but writes the factor v explicitiy,
BAC agrees with LANL but performs the numerical multiplfcation by v, Both
LLNL and BAC use & definition of brightness which {s =2 times our standard,
equatfon {10). 1In my opinion there §s no reasonable Justification for this,
LANL uses adefinition of brightness that 1s 1/2 of our standard, spparently
because they did not recognize that the volume of the four dimensional wnit
gphere 15 22/2, The following table gives fattors by which numbers quoted by
the varfous Yaboratories should bde multiplimd to convert to our proposed

stardard definitions,

Table 1 LLNL BAC LANL
) 1
enittance 1 ry v
1 1
brightness 7 rré 2




Iv, Amittance and Emittance Filters

Amittance 15 a measure of the maximum emittance that can be transmitte
through a beam transport system containing limiting apertures. (Marning: Tne
obscenity "emittance acceptance® should never be used,}) The gimplest exampie
of an enmittance filter s & transport gystem described by the transfer matrix

CoOsu psiny

R e . (11)

-% tiny coOsu

where 8 15 o constant and o 13 & tinear functfon of distance along the axis of
the system. If the system 13 tylindrically symmetric, has & beam pipe of
radius r, and a length L such that u{L) » v, the xmittance of the f{lter is

ae2 (12)

and the maximum (normalized) emittance that can be trangmitted 45 ¢\ ., = B1A,
If r 4s expressed in wmillimeters ond 8 In meters, the units of A and cp,,,
are mn mrad,

If & beam with emittance much targer than ¢y, 18 transmitted through an
emittance filter, 1t will emerge with emittance ¢ . (and much reduced
current), If, thereafter, the beam 15 not distorted (e.g., by non-1{near
tpace charge effects, beam breakup, geometrical or chromatic abderationg,) it
will have emittance :,‘m“therufter. and 9 disteibution function similar to
K-¥ distribution,
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¥. Typica)l Distribution Functions

In this gection we describe three commonly-used distribution functions
end compare their properties., In this sectfon we will use unnormilized
coordinates ard amittances,

The K-Y distridbutfon ts & untform distributfon of particles on the
gsurface of a four-dimensional hyperell{psoid. For convenfence, we place the
principle axes along the x,x',y, and y' directions, The property of the K-¥
which makes 1t useful 45 that a1} two dimensional projections, e.9.

f(x,x') » Id)'d.f.f(lnl'd'ay‘) {13)

are uniformly populated ellipses. Thus the space charge forces: tn & K-¥
distridution are linesr functions of x and y tnstde the beam,

The “water-bag™ distridution §s a uniform population of particles in the
volume of & four dimensional hyperellipsoid. We have seen beams from gevera)
electron 1inacs which look very muth 11ke “"water-dag” distributions, 1 do not
know the origin of thig aistributfon, 1 would appreciate & reference to tiy
originator,

The gauvssian distributinn {s commonly used {n high energy physics
sccelerator calculations, A beam which has "lived" {n & storege ring for many
revolutfons will have & gaussian-1ike distribution,

The following table Tists the properties of these three distributions,
f{x,x',y,y'} #s the four dimensionsl distribution function, normalized $o that

[fx,x",y,y') dxdx'dydy’ =1 (14)

f{x,x') s the two dimensiona) distribution function, given by equation (13).
The one dimensional distributfon function 15

fix) » [f(x,x"}ox' , (15)

The one ard two dinensions) distribution functions 1n other varfadles can be
obtained by 1nspection. For the X-¥Y and water-bag distribution, & and b are
the semi-axes of the distribution in x and y and ¢, ty are the correspording
{envelope) emittances., We have defined :

2 2
F 24! 2 P I
r? --:TQ’—T‘II"—Q#QEJ'I-‘, » (16}
2 2 '2
pl e %4{—;——- . (17)
K

and 6V = dxdx'dydy’, When a distribution function 43 glven for a ypecifies
region, €.9., pf € 1, 1t g understood to be rero outside that regipn., The
fateyrals over 20 regions extend from «2c to #20,4n eath varfable integratec.
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