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We have recently initiated an investigation to determine the in-
trinsic operating limits of an osmium coated dispenser cathode for
use in free-electron lasers (FELs) driven by an induction linear accel-
erator. The experimental apparatus consists of a 5.1-cm-diam os-
mium coated dispenser cathode driven by a 250-kV, 10-Q, 35-ns
Blumlein pulse line. The pepper pot technique is used to measure in-
trinsic cathode brightness and uniformity. Recent measurements have

yielded brightness values exceeding 1 x 1010 A/m2rad? for current

densities up to 140 Afcm2, We have also obtained quantitative data
on cathode poisoning caused by a number of chemical agents of
interest in the induction linac environment.

Introduction

High-power, short-wavelength free-electron lasers (FELS) re-
quire high brightness, kiloampere electron beams. Consequently, we
have initiated an experimental program to characterize the current
density, brightness, and voltage gradient limits of an osmium alloy
coated dispenser cathode (a derivative of the M cathode). We are also
interested in the vacuum conditions required for high current density
operation and the cathode lifetime. This type of cathode has been in
use for many years in high power microwave tubes. However, their
use in the pulsed environment of an induction linac FEL and the
emphasis on brightness are relatively new. In this paper we report the
extension of our earlier brightness measurements! from a current
density of 44 A/cm? to 137 A/em? and also give some initial results
of our cathode poisoning tests.

Experimental Setup

A diagram of the experimental setup is shown in Fig. 1. The
cathode is a 5.1-cm-diam sintered tungsten disk that has been im-
pregnated with 6Ba0O-CaO-2Al,05 and coated with approximately
4000°A of osmium alloy. The cathode is directly heated with a bifilar
spiral-wound filament and is recessed 0.25 cm behind a surrounding
water-cooled electrode to supress edge emission. The anode is a
0.15-cm-thick water-cooled copper plate 2 cm in front of the cathode.
The anode has been perforated with a pepper pot pattern of 0.1-mm-
diam holes. Beamlets defined by the holes drift 23.5 cm to a 25-um
aluminum foil that is back coated with ZnO(Ga) phosphor (decay
time 0.4 ns). The pepper pot holes lie on 45° radial lines from the
center with the first set spaced 1 cm from the center hole and the rest
spaced at 0.5-cm intervals. The phosphor is viewed with a gated-
image intensifier CCD camera, and the images are recorded digitally
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Figure 1. Schematic of the experimental apparatus.
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for analysis (0.0174-cm/pixel x direction, 0.0148-cm/pixel y
direction). The gate pulse width applied to the microchannel plate is 5
ns. The timing of the gate pulse is adjusted for the peak of the diode
voltage and current. An optical pyrometer determines the cathode
temperature. Diode voltage and current are measured with a capaci-
tive probe and resistive current monitors, respectively. The diode is
driven with a 250-kV, 10-Q, 35-ns Blumlein pulse line. Vacuum

pressure with the cathode hot is 1.0 x 10-7 Torr, and residual gases
consist almost entirely of water vapor. For quantitative poisoning
experiments we have added a variable leak valve for admitting con-
trolled partial pressures of selected vapors. Partial pressure of a
selected vapor is determined by monitoring the current output of a
quadrupole residual gas analyzer set on a characteristic mass peak.
The absolute sensitivity of the gas analyzer is established by com-
parison with a capacitance manometer.

Experimental Results

Figure 2 shows a photograph of a recorded pepper pot image
redisplayed on a video monitor. The diode voltage for these data was
106 kV and the space charge limited current 436 A. The images of
the individual holes are well separated, and there is no apparent elon-
gation in the radial direction from energy variations since the camera
gate pulse is short (5 ns) and timed to occur at peak voltage, where
variation in beam energy is small. The regular pattern is also charac-
teristic of space-charge-limited current. For currents below the space-
charge limit the image pattern of the anode holes becomes quite dis-
torted. Because the anode plate shorts out the radial space charge
electric field at the anode, the beam magnetic field causes the beam to
pinch inward. This is evident in Fig. 3, where we have plotted
beamlet direction (mean x”) versus x at y = 0 projected back to the
anode. The S shape of this curve also indicates some nonlinearity in
the focusing force. Because of this inward pinching the hole images
get too close together for their radii to be measured easily at beam
energies much above 106 keV. For this reason brightness data above
106 keV are taken with a single central hole in the anode. In the
future we may move the phosphor closer to the anode to obtain multi-
hole images for energies greater than 106 keV.

A profile of image intensity versus radial position of pepper
pot holes in the anode is shown in Fig. 4(a) for a beam voltage
V =106 kV. Both the raw data and the data corrected for beam
scrape off due to noncollinearity of the hole axis and beamlet
direction are shown in Fig. 4(a). Similarly a profile of beamlet
intensity versus azimuth at 1-cm radius is shown in Fig. 4(b).
Azimuthally the beamlet intensity appears uniform to +15%. The
edge of the beam is not particularly well resolved since the spacing
between holes is 0.5 cm and the measurements at r = 2.5 cm are
sensitive to small misalignments. Since we have not independently
verified the uniformity of the phosphor and cathode we can only say
that the cathode current density is at least as uniform as the intensity
plotted in Fig. 4.

For each beamlet image on the phosphor we define an image
radius a equal to the radius of a circle that encloses 90% of the elec-

trons. Beamlet divergence angle is then calculated as 6 = a/l, where
1= 23.5 cm, the distance between the anode and phosphor. The
procedure is indicated in Fig. 5, where we give intensity scans
through a single spot in two orthogonal directions. A background
intensity Iy is subtracted from the data and the full width of the
curves read off at an intensity / = 0.135(/jax — Ipkg) and set equal to

2a. This corresponds to the 26 level of a Gaussian, which fits the
data quite well and which encloses 90% of the electrons.

Figure 6 shows beamlet divergence angle versus anode radius
for the data used for Fig. 4. Within £10%, the divergence angle is
constant and independent of radius. We have also verified that the
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Figure 2. Photograph of digitally recorded pepper pot
image.
0.04
0.02
@
c
S
©
£ 000
*
c
@
=
-0.02
-0.04
3 -2 -1 0 1 2 3
R8111H05
x (cm)

Figure 3. Mean x’versus x aty = 0.

beamlet images are circular by comparing radial widths of intensity
profiles in orthogonal directions.

In addition to the divergence caused by random perpendicular
velocity spread, which is the object of our measurement, a number of
other effects contribute to the divergence angles measured in Fig. 6.

These include camera resolution (6.,y,), defocusing by field penetra-
tion into the anode holes defining the beamlets (6y41c), and space
charge (65.). Estimates of each effect are given in Table 1 together

with the raw data (Be,s) and the corrected divergence angle (6y,) we
used to estimate brightness. Additional contributions from finite
source size and change of mean beamlet steering angle across the an-
ode holes are negligible. We measured the angular spread arising

from finite camera spatial resolution (B.,r,) by fitting a Gaussian
function to the intensity distribution at the edge of a uniformly
illuminated white spot. The divergence angle from hole defocusing
(a,) is calculated from the hole size and anode cathode separation (d)

for the space-charge-limited case: Opg1e = 2/3[Y/(Y + 1)]ay/d. Using

a method similar to that of Oettinger et al.,2 we determine the space
charge contribution from the first integral of a beam envelope
equation for a beamlet passing from the anode to the phosphor. The
final result for the corrected beam divergence angle is then obtained
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Figure 4. (a) Beamlet image intensity versus x. (b)

Beamlet image intensity versus azimuthal angle at R =1
cm.

from 6 = (Omeas® — Ocam? — Onole? — Osc2) /2. As seen from Table 1
the corrected divergence is about 25% less than the measured value.
To estimate cathode brightness from our data we use the

definition3

T=1[Bv2Vy ,
where V4 is the four-dimensional phase space volume occupied by
the electrons. Since the beam divergence angle is independent of ra-
dius, as shown in Fig. 6, to good approximation V4 = nR2 x 102
and

T = Im2R P62
where R = 2.54 cm is the cathode radius.

Estimates of brightness are summarized in Table 2 for five sets
of data obtained from a diode voltage of 106 kV to 407 kV and
corresponding current densities varying from 21.5 A/cm? to
137 A/cm?2. When gathering these data we took care to assure
operation above the knee of the transition from temperature to space-
charge-limited flow. The perveance (12.6 x 10-6 A/V3/2) is within
5% of the Child-Langmuir equation. The cathode temperature was
1100°Cp for the 106-kV data and 1300°Cyg for 407 kV. Although the
current density varies by a factor of 6.4 in Tables 1 and 2 the bright-

ness lies in a relatively narrow range 1.14-1.6 x 1010 A/m2rad2.

This result is a consequence of the weak variation of 6}, with diode
voltage. If there were a single transverse thermal energy characteristic
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Figure 5. Intensity profiles of a single beamlet image (a)

versus x aty = 0 and (b) versus y at x = 0.

of the cathode, then one would expect By8y, to be a constant that is
independent of diode voltage. However it 1s apparent from the third
column of Table 2 that this is not what is observed. The transverse

thermal energy of the beam, defined to be £ = 1/2mc2(By0,)2, is
1.5 eV for V = 106 kV and increases to 9.2 eV for V = 407 kV.
For this initial set of data we have not yet identified the origin of this
transverse energy nor have we established the upper bound of
practically attainable high-brightness, high-current-density operation.

We have begun to look at the sensitivity of the cathode to poi-
soning by various chemical compounds. In this paper we report re-
sults obtained on poisoning by the dominant constituents of a leak-
tight, unbaked vacuum system—water vapor, carbon monoxide, and
methane. Typically the background partial pressure for water vapor is
1 x 10-7 Torr and considerably less for carbon monoxide and
methane. What we found was that the cathode emission current
begins to decrease with only a slight increase in the partial pressure
of water vapor, whereas such a decrease is not observed until a
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Figure 6. Beamlet divergence angle versus x,y.

Table 1. Summary of beamlet divergence angles.

W emeas Bcam ehole 9sc eb
keV) (mrad) (mrad) (mrad) (mrad) (mrad)
106 0.676 4.68 2.38 0.92 1.51 3.62
172 0.888 4.47 2.38 0.95 1.60 3.29
269 1.15 4.94 2.38 1.00 1.69 3.86
384 1.44 5.11 2.38 1.07 1.75 4.03
407 1.49 5.11 2.38 1.07 1.75 4.03
Table 2. Summary of brightness results.

W I 36y, R 1836y J
(keV) (A) (rad) (m-rad) (A/mZrad?)
106 436 245E-3 622E-5 1.14 E10
172 889 292E-3 742E-5 1.64 E10
269 1564 444E-3 113E4 1.24 E10
384 2594 580E-3 147E-4 1.22 E10
407 2780 6.00E-3 1.52E-4 1.22 E10

partial pressure of 1 x 10-3 Torr is reached for carbon monoxide,

and no decrease was observed for methane up to 1 x 104 Torr. The
poisoning curve for water vapor is shown in Fig. 7. The cathode
emission current recovers when water vapor pressure is reduced to
its background level. If we increase the cathode temperature, then the
partial pressure at which the emission current decreases is observed
to increase. What this implies is that the background water vapor
pressure in our system is causing an effective increase of work
function, and therefore we need to operate the cathode somewhat
hotter (approximately 40°C) than if the water Vapor pressure were
reduced by about an order of magnitude. We note, however, from
the data of Table 2 that quite good emission current densities and
brightnesses are obtainable with this type of cathode in an unbaked
vacuum system.

Discussion

In Fig. 8 we plot cathode brightness versus current for the data
obtained in this paper and for several other cathodes recently exam-
ined in the FEL context—graphite and velvet field emission cath-
odes, 45 a Cs3Sb photocathode, 2.6 and a LaBg thermionic cathode.”
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Figure 7. Cathode current density versus partial

pressure of water vapor.

Of course, many other factors enter into the choice of cathode for a
particular application. For instance, graphite and velvet field emission
cathodes cannot be operated at high repetition frequencies, whereas
the others can. Only the Cs3Sb cathode is easily gated after applica-
tion of a high voltage pulse to the diode. Graphite and velvet can op-
erate in poor vacuum conditions, Cs3Sb requires the best vacuum
conditions (10-10 Torr), LagB is relatively insensitive to poisoning
and can operate at 10~6 Torr, and the osmium coated dispenser
cathode can operate at 10-7 Torr.

So far we have not identified the practical upper limit on cur-
rent density for the osmium-coated dispenser cathode in the induction
linac environment. Ultimately, high current density operation will be
limited by too short cathode lifetime at high temperature or by unde-
sirable field emission from the cold electrode that surrounds the cath-
ode. For data in this paper the maximum field stress on the cold elec-
trode was 200 kV/cm, and field emission was not evident in surface
damage or pulses with a cold cathode. The data in this paper were
limited by the maximum operating voltage of the Blumlein pulse line.
In the future we will increase the voltage stress by decreasing the
diode gap from 2 cm to 1.0 cm.

To use the cathode studied here in an injector we will need to
modify the electrode structure to permit the beam to be extracted
through a hollow anode. This will necessitate decreasing the per-
veance from approximately 11 to 1.5 ppervs. Since for constant
cathode current and radius the electric field stress is proportional to
the inverse one-sixth power of perveance this will result in a 37% in-
crease in field stress on the cold electrode surrounding the cathode. A
second crucial issue is how much the beam brightness will be
degraded by extraction through the hollow anode.
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Figure 8. Cathode brightness versus current for various
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