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A two-aperture collimator has been used to measure brightness of the
electron beam produced by the injector and the first 20 acceleration cells of
the ETA-II linear induction accelerator. Osmium alloy dispenser cathodes

produce the electron beam. For accelerated currents up to 1.5 kA with 2.0- to
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2.7-MeV beam energies the measured brightness is 5 x 107 A/(rad-m)”,

exceeding our design goal by a factor of 2. At the highest current, 2.0 kA, a

9

beam brightness of 2.6 x 10 A/(rad—m)2 has been measured.

Introduction

The Experimental Test Accelerator II (ETA-II) accelerator is the latest
in a series of linear induction electron accelerators built at the Lawrence
Livermore National Laboratory. The initial objectives of the ETA-II
experimental program are to create high-brightness and high—average—powef
electron beams. Both parameters are related to the usefulness of the
induction accelerator as a driver for a short-wavelength, high-average-power
free-electron laser (FEL). Design parameters for ETA-II are 10-Mev beam

energy, 3-kA current, 50-ns pulse flat top, and 5-kHz repetition rate. The

*Performed jointly under the auspices of the U. S. DOE by LLNL under

W-7405-ENG-48 and for the DOD under SDIO/SDC-ATC MIPR No. W31RPD8D5005.
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accelerator consists of a nine induction cell injector, sixty induction
accelerator cells, and four magnetic compression pulse-power modulators. The
emphasis in this paper is on measurements of beam brightness. The experiments
were done at low ~epetition rate with the injector plus the first

20 acceleration cells. Beam energy was typically 2.5 MeV, current up to 2 kA,
and repetition rate 1 to 3 Hz. Descriptions of ETA-II are given

elsewhere.}’2

Description of the Experiment

The choice of cathode and the electron optics design of the electrode
shapes in the extraction region of the injector are crucial for obtaining high
and uniform current density and for minimizing the transverse phase space
volume of the electron beam. For the experiments reported here, we use
thermionic, osmium-coated dispenser cathodes. Previous experiments have shown
the intrinsic brightness of this type of cathode to exceed 1.2 x IO]O
A/(rad—m)2 up to current densities of 140 A/cmz; the current density and

brightness are uniform to within =10% over the cathode area.3

Diagrams of
the ETA-II cathodes and extraction electrode shapes are shown in Fig. 1. The
extraction geometry consists of a curved cathode surrounded by a non-emitting
focusing electrode, and intermediate electrode, and the anode pipe through
which the beam is extracted. The cathode is mounted on the end of a stalk
inserted through the bore of five induction cells, while the anode pipe is
inserted from the opposite direction through four additional induction cells.
Solenoidal coils incorporated into the anode induction cells focus the beam

inside the ancde pipe. Axial magnetic field strength is typically 0.5 to

1.0 kG. The cathode is designed to be operated with nearly zero magnetic



field component normal to its surface in order to minimize the canonical
angular momentum of the extracted electron beam. This is accomplished with
two coils placed over the cathode-anode region on the outside of the vacuum
chamber. Current in these coils opposes the focusing field in the anode pipe
and is adjusted to null the normal magnetic field component on the cathode
surface. The electrode shapes and relative locations have been designed with
the DPC particle code.4 For a cathode to anode voltage of 1.5 MY the DPC
code predicts a space-charge-limited current of 2140 A for the 8.9-cm-diam
cathode of Fig. 1(a) and of 3126 A for the 12.7-cm-diam cathode of Fig. 1(b).
For the experiments reported below, the brightness of the electron beam
is measured with a field-free, two-aperture collimator, which is shown
schematically in Fig. 2. A sine/cosine coil pair between the collimator
apertures corrects for misalignment between the collimator and beam axes. A
pair of solenoidal coils at the end of ETA-II and 70 cm in front of the first
aperture of the collimator is used to focus the beam to a waist halfway
between the two apertures. Experimentally, this is done by adjusting the
strength of the solenocidal lens to maximize current through the second
aperture. The apertures are holes with radius a = 1.5 mm drilled through
range-thick 3.8-cm graphite disks and separated by a distance L = 61.6 cm. A
gated image intensifier CCD camera is used to observe the beam image on the
first aperture. The image is typically about 1 c¢m in diameter. Steering
coils (also siae/cosine wound) over the focus solenoids direct the beam onto
the first aperture. Resistive foil-wall return-current monitors measure the
beam current before and after each aperture. Referring to Fig. 2 we define

I, as the current that exits the accelerator and falls on the first

]
aperture, IZ as the current through the first and incident on the second



aperture, and 13 as the current through the second aperture. The

(normalized) beam brightness is defined by

I

o1 31
w2 Vs
where By is the usual relativisti:. factor, V4 = w2a4/L2 = 1.32 x

2

!O"]O (rad-m)~ is the transverse four-dimensional phase space acceptance

defined by the collimator, and § = §(Byvy, IZIIA, 13/12, a/l)Y < 1 is a
space-charge correction factor. The beam energy, and therefore By, is
calculated from capacitance probe monitors of voltage applied to the induction
cell gaps. The space~-charge correction factor accounts for the reduction of
phase space acceptance due to space-charge spreading of the beam. For this
correction we use a formula derived by Caporaso,6 which gives an upper bound
on & and therefore a lower bound on the beam brightness estimated from 13.
Attention to vacuum quality is very important for obtaining the results
reported in this paper since the osmium-coated dispenser cathode can be easily
poisoned by too high a partial pressure of electronegative compounds such as
water vapor, oxygen, and fluorocarbons. The basic requirement is that the
desired space-charge~limited current density (10 to 20 A/cmz) be achieved at
a temperature low enough to ensure stable cathode operation for the time
required to obtain the data (approximately twenty operating days for
measurements with a given cathode). It has previously been shown that a
Teak-tight, unbaked vacuum system with O-ring seals and base pressure

P<lx 10'7 Torr is adequate fo meet this requirement.3 In this case the



base vacuum pressure consisted mostly of water vapor and residual amounts of
methane, carbon monoxide, and their fragments. Although by modern standards
this pressure is not too difficult to achieve some attention has to be taken
to avoid the sometimes disappointing results obtained with this type of
cathode in accelerator environments. For the experiments reported here we
avoided materials that contribute high water vapor pressure (i.e., plastic
insulators), chose an O-ring (Viton) and dielectric insulation fluid .FC-75
Fluorinert) combination that limits permeation of dielectric fluid into the
high vacuum region to very low levels, and also ensured that there were no
detectable atmospheric leaks before operating the cathode. Once this was

8 Torr with the cathode

achieved the background pressure--p = 5 x 10~
hot--was routinely obtained, and there have been no indications of cathode
deterioration for the duration of our experiments. This vacuum pressure is
maintained with two turbomolecular and two cryo pumps mounted over the cathode

region of the injector. No high temperature bakeout is required, and all

vacuum seals are standard O-rings.

Experimental Results

As a check of basic cathode operation we have measured cathode emission
current versus temperature for fixed injector voltage. Cathode temperature is
meésured with an optical pyrometer and quoted as a brightness t:amperature
(°CB) uncorrected for emissivity of the cathode surface. Temperature varies
significantly over the cathode surface: the coolest region is at the center,
while the hottest regions are near the outside of the cathode and directly
over the spiral-wound heater filament embedded in the back of the cathode. In

this paper we always refer to temperature at the cathode center. At



1OOO°CB the temperature differential between hottest and coolest region of

the cathode surface is 60°C, (16°C,) for the 8.9-cm (12.7 cm) diameter

B B
cathode. Heater power required to maintain the cathodes at IOOO°CB is

2) for the 8.9-cm-diam cathode and 1414 W (11.2N/cm2) for

1078 W (17.3 W/cm
the 12.7-cm-diam cathode. Emission current versus temperature is shown in
Fig. 3 for the 8.9- and 12.7-cm-diam cathodes. For these two cathodes, the
injector voltage was 0.9 and 1.2 MV, respectively, at saturation. Both sets
of data show a sharp knee at the transition from emission to space-charge-
Timited operation. The transition temperature is low enough to ensure very
long cathode 1ifetime in space-charge-limited operation. The larger cathode
seems to be superior since, for the data in Fig. 3, the transition occurs at
versus 1090°C

lower temperature (970°C ) even though the saturated

B B
current density is somewhat higher (15.8 A/cm2 versus 12.9 A/cmz).
Application of Richardson's law gives a work function for the 12.7-cm-diam
cathode that is 0.2 eV lower than for the 8.9-cm-diam cathode. For
measurements of beam brightness we always operate the cathodes in the
space-charge-limited region.

In Fig. 4 we show a plot of injector current versus voltage for the
8.9-cm-diam cathode with all data points space charge limited. Relativistic
corrections to Child's law are small up to the maximum applied voltage, so the
data are in good agreement with a three-halves power law I ~ V3/2. The
experimental data in Fig. 4 and similar data for the 12.7-cm-diam cathode fall
~15-20% below the DPC predicted current for a given applied voltage.

Electron beam brightness data obtained with the apparatus shown

schematically in Fig. 2 are summarized in Tables 1 and 2 for the 8.9- and

12.7-cm-diam cathodes. Brightness is given in the far right-hand column,



while beam energy, beam current (I] in Fig. 1), currents exiting the first

(12) and second (13) apertures of the collimator, and the space charge

correction factor § are given in the other columns. For both cathodes, data
were taken for a range of beam currents and over several run days with

slightly different beam transport conditions to verify the reproducibility of

the data. For the 8.9-cm-diam cathode, the brightness J = 4 x 109

A/(rad—m)2 is essentially constant within experimental error with beam

current varying from 0.85 kA to 1.4 kA. At 1.5 kA, the 12.7-cm-diam cathode

9 A/(rad—m)zl, but at higher currents the

9

has a similar brightness [5 x 10
brightness values recorded are somewhat reduced: at 1.7 kA, J = 1.7 x 10

9 A/(rad-m)%. HWhether this

A/Crad-m)%, and at 2.0 kA, J = 3.2 x 10
decrease in brightness is a real trend or an artifact of less than optimum
tuning of the accelerator is unknown at present.

With the large currents being accelerated in these experiments and .he
relatively low beam energy, beam transport is dominated by the space charge of
the beam rather than by beam emittance. To measure beam brightness with the
two-hole collimation scheme and avoid being overwhelmed by space charge it is
necessary to use small apertures and sample a relatively small fraction of the
total beam current. The question naturally arises whether the brightness
values obtained are representative of the whole beam. Earlier measurements of

3 and the DPC simulation results support the

the intrinsic cathode brightness
notion’that beam brightness is uniform. In principle, one could scan the beam
across the collimator to obtain a brightness profile, but in practice this
method has been impractical because of the spatial beam sweep induced by

energy variation and because of the time needed to tune the accelerator for a

given data point. Reducing the energy variation of the beam to «1% for a



50-ns flat top is one of the primary goals of the ongoing experimental
program. In addition, after repeating these measurements with the full

60 accelerator cells, we plan to measure the total beam brightness with either
the pepper pot method used to study the intrinsic cathode brightness3 or a
collimator with superimposed axial magnetic field.

For the bulk of the data in Tables 1 and 2, beam transport calculations
with experimentally measured values of current in the solenoida]lfocusing
maghets predict envelope oscillations with roughly 2:1 ratio because of
mismatch. At present, we do not have diagnostic capability to measure these
oscillations. One attempt (on 1/31/89 in Table 2) was made to eliminate them
by using a set of focusing currents that, in theory, had very small envelope

9 2

oscillations. Although the result obtained, J = 3.2 x 107 A/(rad-m)" at

I = 1.14 kA, is respectable, it is not quite as good as earlier data.

Discussion

In Fig. 5 we plot brightness versus current for the ETA-II data included
in Tables 1 and 2 together with measurements of the intrinsic brightness
previously measured for a dispenser cathode. For currents of 1.5 kA or less
the ETA-II brightness measured with the two-aperture collimator is 4 x 109
A/(rad~m)2. To our knowledge this brightness is the highest recorded in an
induction accelerator, and it has been obtained at a current that is very
reasonable for a high power FEL. This brightness value exceeds our original
design goal by a factor of 2, and, if maintained during acceleration to the

final beam energy required by the FEL resonance condition, is sufficient for

efficient production of an FEL beam with a wavelength of less than 1 um.



Referring to Fig. 5 the measured ETA-II brightness is about a factor of 3 less
than the brightness measured for a dispenser cathode in simple plane geometry
without beam extraction. The code calculations suggest that some degradation
of brightness occurs in the extraction region because of nonlinear forces on
the electron beam as it enters the anode pipe. However, the code also
predicts brightness about a factor of 2 higher than that experimentally
observed. Perhaps some of this discrepancy can be explained by the fact that
our measurement can be viewed as a lower bound due to several effects: first,
the space charge correction itself is a lower bound; second, it is possible
that we have not found the best accelerator conditions for transporting the
beam through the two apertures of the collimator; and finally, the results may
be Timited by energy sweep of the beam across the collimator, which often

results in rather narrow peaked signals being recorded.
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a) 2 kA, 8.9 cm diameter cathode b) 3 kA, 12.5 cm diameter cathode
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Figure 1. Diagrams of the cathode-anode region of the injector
for the (a) 8.9-cm-diam and (b) 12.7-cm-diam cathodes.
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Table 1. Summary of brightness results obtained with the 8.9-cm diam. cathode.
Beam Beam

energy current J
Date (MeV) (KkA) By 5 [109 A/(rad-m2]
11/22/88 2.54 1.15 5.89 11.8 0.595 4.3

- 11/29/88  2.54 1.15 5.89 11.8 0.645 4.0

11/29/88 2.41 0.85 5.63 11.3 0.583 =0.058 4.7 =0.5
11/30/88 2.75 1.26 6.31 11.2 0.565 3.8
12/1/88 2.70 1.40 6.20 10.7 0.545 +0.050 3.9 «0.3
Table 2. Summary of brightness results obtained with the 12.7 cm diam. cathode.

Beam Beam

energy current J
Date (MeV) (kA) By § (109 A/(rad-m)2]
1/17/89 2.74 1.48 6.28 0.366 5.0
1/20/89 2.22 2.0 5.24 0.581 2.6
1/27/89 2.14 1.52 5.09 0.540 5.5
1/27/89 2.14 1.52 5.09 0.554 4.9
1/27/89 2.31 1.72 5.43 0.690 1.7
1/31/89 2.05 1.14 5.1 0.446 3.2




