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ABSTRACT 
A high-gain, high extraction efficiency, free electron laser (FEL) 

amplifier operating at the Experimental Test Accelerator (ETA) at 34.6 GHz 
has demonstrated a small signal gain of 13.4 dB/m, With a 30 kW input signal, 
the amplifier has produced a saturated output of 80 MW and a 5% extraction 
efficiency. Comparison of these results with a linear model at small 
signal levels indicates that the amplifier can deliver saturated output 
starting from noise, if the brightness of the electron beam is sufficiently 
high. The brightness of the ETA is far below that possible with optimized 
choice of practical design characteristics such as peak voltage, cathode type, 
gun electrode geometry, and focusing field topology. In particular, the 
measured brightness of the ETA injector is limited by plasma effects from 
the present cold, plasma cathode. As part of a coordinated theoretical and 
experimental effort to improve injector performance, we are using the EBQ 4 

gun design code to explore the current limits of gridless, relativistic, 
Pierce columns with moderate current density (>50 A/cnr) at the cathode. 
The chief component in our experimental effort is a readily modified electron 
gun that will allow us to test many candidate cathode materials, types, and 
electrode geometries at field stresses up to 1 MV/cm. 

* Performed jointly under the auspices of the U.S. DOE by LLNL under 
W-7405-ENG-48 and for the DOO under DARPA, ARPA Order No. 4395, monitored by 
NSWC. 

+ This work was supported by the Director, Advanced Energy Systems, Basic 
Energy Sciences, Office of Energy Pesaarch, US DOE under contract number 
DE-ACO3-76SF00O98. 



I . MOTIVATION 

The Electron Laser Fac i l i t y (ELF) i s designed to be a test of the 

physical models used to predict high-gain and high-efficiency FEL operation in 

the v is ib le spectral region. ELF consists of an amplifier with well-defined 

i n i t i a l conditions on the radiation and the electron beam and with no axial 

magnetic f i e l d . The Lawrence Livermore National Laboratory's (LLNL) ETA 

provides a 6 kA, 3.3 MeV beam with a normalized emittance of 1.5 » radian-cm 

to the ELF. An Quittance f i l t e r reduces the beam current to approximately 500 

A with a normalized edge amittance* of .47 * radian-cm. Another 100 A of 

current are lost in the quadrupole transport l ine used to match the beam into 

the 3 m long wiggler. 

Measurements5 of the signal gain in the superradiant mode (no microwave 

input signal) shown in Fig 1 , indicate that the microwave signal grew at a 

rate of 13.4 dB/meter for * beam current of 450 A. Extrapolating this growth 

back to the o r ig in , one finds an effective input noise of 0.35 W. Near the 

magnetic f i e l d strength corresponding to the peak output of a 1-meter long 

wiggler, examination of the amplifier gain as a function of wiggler length 

(Fig. 2) with a 30 kw input signal clearly reveals that the amplifier goes 

into saturation at 2.2 meters. Beyond this point, the amplified output power 

f i r s t decreases and then near 3 meters starts to increase again. The gain as 

a function of wiggler length shows an exponential growth of approximately 15.6 

dB/meter up to saturation (L = 2.2 m). This value is in close agreement 

with the small signal gain measurement. 

*Edge emittance is defined as the area in phase space which matches the 

acceptance of the emittance selector and contains 100^ of the electron beam. 
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The linear theory' best suited to describe the experiment has been 

derived by linearizing the single particle, lojitudinal (Y-I|J) equations of 

motion derived by Kroll, Morton and Rosenbluth. The procedure is identical 

to that in Ref. 7, with the addition of explicit betatron motion and an 

integration over the waveguide. This version of the linear theory predicts 

*the' very steep dependence nf gain on the electron beam radius shown in Fig. 

3. The observed exponential gain, after accounting for fractional coupling 

into the growing mode (launching losses), corresponds to a maximum beam radius 

of approximately 8 mm. 

8y increasing the brightness of the electron beam by an order of 
A 2 9 

magnitude above i t s present value of 10 A/cm -rad , we expect that the 

maximum betatron radius can be reduced to less than 0.4 mm with more than 

500 A transported through the wiggler. The linear theory predicts that the 

small signal gain w i l l thereby increase to >40 dB/m. As tf-«* gain is l i ke ly to 

be limited to about one e-folding per wiggler period (9.8 cm), ten e-foldings 

per meter is probably the maximum gain achievable with the present ELF 

wiggler. Nonetheless, we expect gains high enough that the noise-generated 

output of the f i r s t meter of ELF w i l l exceed the signal needed to drive the 

remaining two-meters of wiggler into saturation. 

Even in the absence of tapering the wiggler, reducing the emittance of 

the intense beam driving the ELF amplifier can result in a source of tunable 

millimeter waves of hundreds of megawatts. The extremely high gain possible 

from very br ight, multi-kiloampere electron beams is especially important for 

amplifiers of wavelengths in the one to several mill imeter range, in which 

sources with strengths exceeding several kilowatts are rare. As described 

below, our i n i t i a l theoretical and experimental investigations into tne l imi ts 
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of beam brightness indicate that values exceeding 10" A/cm -rad^ should 
be attainable. 

II. SOURCES OF BEAM EMITTANCE 
The brightness of a given beam source is set by a variety of practical 

design choices such as peak voltage, cathode type, gun electrode geometry, and 
focusing field topology. From" a more fundamental point of view, we can 
identify several physical effects which can contribute to the emittance e in 
a relativistic electron gun. These effects include: (1) source temperature, 
(2) source uniformity, (3) magnetic field normal to the cathode, (4) beam 
filamentation, (5) non-linear applied forces, (6) non-linear space charge 
forces, and (7) multiplicity or motion of emissive surfaces. 

1. Source Temperature (T). The normalized source brightness, B, is 
related to the temperature T (eV) and source emissivity J (A/cm ) by 

B = fMfivT = a-6 x l o 5 0 / T ' 
In existing high current guns, this contribution is insignif icant in 

comparison to other contributors to emittance. However, as we push 

brightnesses toward 10 6 A/cm -rad , maintaining non-emission limited 

sources with an effective temperature below 1 eV w i l l be c r i t i ca l for 

cathode types with emissivity less than 10 A/cm. 

2. Source Uniformity. To the extent that emission is non-uniform, the 

beam transport through regions dominated by non-linear radial forces w i l l 

entrain "phase space vacuum" via phase mixing. As this d i lu t ion can become 

irreversible after one-quarter of a betatron wavelength, an estimate of this 

effect is obtained by using as the emittance volume of the smallest el l ipse 
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enclosing a l l s ignif icant current regions at the cathode surface. 

Maintaining source uniformity argues in favor of small area cathodes with 

high emissivity. 

3. Normal Magnetic Field. In the presence of a magnetic f i e l d normal 

to the cathode surface, electrons are emitted with a f i n i t e canonical 

angular momentum P . When the electrons leav.e the region of axial f i e l d , , 

they acquire a kinet ic momentum suf f ic ient to keep their canonical angular 

momentum constant. This motion gives the beam an equivalent emittance in 

both transverse planes: e = eBzR2/2yBmc where B2 is the mean normal 

f i e l d , R is the cathode radius; >B are the usual r e i a t i v i s t i c factors; m is 

the electron mass; and c is the speed of l i gh t . Reducing the cathode radius 

reduces this contribution in two was: (1) the emittance scales as R , and 

(2) the average value of B can be kept more near zero over a smaller area. 

4. FilamentavKn by a Grid. In gun designs with a gr id , each hole in 

the grid can act as a focusing or defocusing lens with a focal length given 

by 

1/f = eUE)/2v B2m c 2 

where &E is the voltage difference across the g r id . 

The phase space is distorted by the f i n i t e grid spacing, occurring via 

filamentation downstream of the gr id. Paul and Neil have described the 

effect in the ETA gun; they report the effect to be exceeded by the 

effects of non-linear forces. In the design of extremely br ight, high 

current guns, however, grid filamentation may be a l imi t ing factor unless 

the grid material is extremely f ine and the grid highly transparent. 

Unfortunately, such a grid is unlikely to be compatible with hot thermionic 

or dispenser cathodes, which have a low effect ive electron temperature. 
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Moreover, this incompatibil i ty w i l l be exacerbated i f the gun is operated at 

a repeti t ion rate exceeding a few tens of Hertz. Moving the grid to the 

anode plane w i l l minimize thermal loading and beam fi lamentation, but can 

lead to catastrophic over-focusing of multi-kiloampere beams. The most 

prudent choice in the design of a high brightness gun is to seek a design in 

which the grid has been omitted. 

5. Non-linear Applied Forces. The radial forces from the applied 

electr ic and magnetic f ie lds in guns such as ETA and ATA injector"; have 

signif icant anharmonic components (proportional to R ). In general, these 

effects can be made to compensate for each other by careful design with a 

simulation code such as EBQ. In such simulations one must account for the 

other signif icant source of anharmonic f i e l ds , the non-linear se l f - f ie lds of 

the beam i t se l f . 

6. Non-linear Space Charge Forces. The strong space-charge forces of 

an intense, low energy beam w i l l d is tor t the free space equipotentials to 

result in a defocussing spherical aberation in the beam transport. Proper 

shaping of the potentials by a graded accelerating column with shaped 

electrodes (Pierce correction) can eliminate this effect for a particular 

operating condition; that i s , for a specified operating voltage and beam 

current. 

Self-forces can also lead to increase in emittance whenever the beam 

cannot be matched into the transport. At high currents beam loading of the 

gun's drive c i rcu i ts w i l l lead to an energy variation correlated with time 

variation of the beam current. As the i n i t i a l transport is space charge 

dominated, not al l segments of the beam can be matched into the transport 

downstream of the in jector. Phase mix damping of the mis-match osci l lat ions 
P 

wi l l lead to an increase of beam emittance. 
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7. Emission from Positions of Different Potentials. Even i f the 

electrons are born with zero in t r ins ic temperature, the beam can acquire 

signif icant emittance in the extraction process i f the electrons originate 

on dif ferent equipotentials. Such mult iple source beams have an 

instantaneous energy spread which w i l l phase-mix into macroscopic emittance 

as the beam is accelerated and transported through the space charge 

dominated regime. The same consideration w i l l l im i t the pulse length over 

which an ideal Pierce correction can be applied, i f the cathode surface is a 

moving plasma sheath. Extraction from under-dense, moving plasmas are a 

worst case example of mul t ip le, equipotential emission. TV cola, surface 

flashover cathode used in the ETA for the ELF experiments produces such a 

plasma. 

An important tool for evaluating the re la t ive contribution of the 

several sources of beam emittance is a computational model of r e l a t i v i s t i c 

electron beam dynamics, which can accommodate the wide range of rea l i s t i c 

electrode geometries possible to the designer. For this purpose, LLNL 

developed the EBQ simulation code, which was used for the design of the 

10 kA ATA gun. EBQ uses a steady-state, self-consistent calculation of the 

part ic le trajectories associated with high current r e l a t i v i s t i c beam 

propagation in ax ia l ly symmetric injectors possessing external, 

two-dimensional electr ic and magnetic f i e lds . The code treats the coherent 

electr ic and magnetic se l f - f ie lds of the beam with suff ic ient accuracy in 

the re la t i v i s t i c regime, to model the high degree of cancellation which 

occurs between the self-magnetic and sel f -e lect r ic forces. 
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III. APPROACHES TO HIGH BRIGHTNESS 
Our efforts to push the brightness of multi-kiloampere electron beams 

to the practical limits are proceeding along three fronts: c?thode 
improvement, simulation and test of gridless designs, and study of transient 
phenomena. Candidate cathode types and injector designs are tested in the 
ETA and in readily modified injector High Brightness Test Stand (HBTS). 

A. CATHODE TYPES 
Our survey of cathode types is limited to soures which can deliver 5 kA 

at >10 Hz with emissivity, J > 5 A/cm. The categories we have identified 
appear in Table 1. We wish to avoide cathodes that require vacuums better 
than 10 Torr, that are easily poisoned, or that have operating lives 
<500 hours. We consider maintaining source uniformity over areas exceeding 
a few hundred cirr impractical. Unless accelerating fields are extremely 
high (>1 MV/cm) control of beam space charge in high J (>500 A/cm ) 
designs will be difficult; hence, the source brightness in laser heated 
cathodes c m be lost immediately. Uncontrolled field emisson sources are 
attractive for initial experiments. Presently controlled field emitters may 
be useful for sources with brightness up to 10°; however, these sources 
are still experimental and unavailable for early experiments. Controlled 
porosity, dispenser cathodes seem to offer the greatest promise for reliable 
operation at the limits of brightness. 

B. DESIGN STUDIES 
In our numerical simulations we have yet to find a multi-kiloampere 

injector design with a brightness limited by the cathode brightness. Gun 
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optics and control of beam space charge dominate the emittance. Once one 
has chosen an extended cathode (>100 c m ) , the preferred path seems to be 
to find an approximation to a gridless, relativistic Pierce column. The 
requirement in a Pierce column 1s that the electrons experience no net 
radial force. The difficulty with this approach is well known from the 
design of non-relativistic Pierce columns: the external field to null the 
radial forces applies to a single operating condition: beam current, 
voltage and cathode location; moreover, even this "point" solution requires 
a large number of intermediate electrodes to grade and shape the field. 

A cursory analytic examination reveals the characteristics and the 
difficulties of this approach. It is well known that for a relativistic 
beam the forces from the space charge repulsion, E„ s, and the magnetic 
pinch field cancel to within a factor of y . To balance the total radial 
self-force the applied electric field, E is 

ra 
E r a = - E r s ' T 2 U> 

For a beam with charge density, p, the tota l radial e lectr ic f i e l d , E r > 

wi l l cancel the magnetic pinch force, i f 

E r = 2„P|52 r . (2) 

Combining (2) with Gauss's law, we can write a d i f fe rent ia l equation for the 

accelerating f i e l d , E : 

3E 4* 38 
= -g -P - 4 irpp . (3) 

dz y 8r 
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The kinet ic energy equation relates v to the accelerating f i e l d ; 

fit - - i4 E (4) 
8z m c 

Inserting (4) into (3) and expressing the charge density in terms of the 

current density, J , we have the defining equation for the Pierce solution: 

!!r . M f e \ . 4 f J /e y M • . ( s ) 

sz* BY \"i c y \m cy 8r 

Neglecting the second term in (5), we can integrate the equation to 
obtain the solution for y and thus the equipotentials 1n the gun as a 
function of z displayed in Fig. 4. The figure displays the characteristic 
bunching of the equipotentials as the beam approaches the anode. Satisfying 
this relationship is sufficient for low current, relatlvlstlc electron guns. 

Turning our attention to the second term in Eq. (5), we see that it 1s 
negligible when the potential depression is small, that its contribution 
increases faster than linearly with beam current, and that it is most 
important when y is near one; i.e., near the cathode. Qualitatively, this 
term forbids an exact solution for all r and all z from a planar cathode; If 
the forces are balanced at the center of the beam the outer edge will ba 
overfocused. Conversely, if the forces are balanced at the edge of the beam 
the center will be underfocused. Fortunately, however, the contribution of 
this term can be minimized by shaping the cathode so that the initial 
trajectories of the edge rays of the beam are diverging. Balancing the 
forces on center can then lead to a condition in which all rays are nearly 
parallel once the beam energy is high enough that the space charge 
depression contributes an insignificant amount to the electron velocity. 
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An idealization of this approach is illustrated in Fig. 5; the electron 
source is a flat cathode plate surrounded by an annular shroud. Field 
shaping is accomplished by two artifacts: (1) a sharp anode tip bunches the 
equipotentials as requied in <w ideal Pierce column, and (2) the surface 
connecting the anode tip normal to the shroud is a Neumann boundary, forcing 
the tangential electric field to vanish along the surface. The cathuJe has 
a slightly convex shape. Steady-state calculations with b'BQ of vue electron 
trajectories and the macroscopic brightness as a function of axial position 
in the gun are given in Figs. 5 (b), (c), respectively. The current limits 
of this approach as well as its practical realization are under 
investigation for experimental test on HBTS. Relaxation of either of the 
two characteristic features or' the design dcgraut-s the brightness by an 

order of magnitude. Moreover, transient effects may alter these results for 
snort pulses. 

As a code benchmark WR note that EQB code simulations of the ASTKON gun 
reveal that the dominant contribution to emittance was the relativlstic 
magnetic self pinch on approach to the anode foil. The calculated emittance 
scaled to the operating conditions of 500 Amperes at 6 meV is 0.019 cm-mrad; 
the measured value was in the range of 0.01 - 0.03 cm-mrad. The FTA gun 
operating at 8 kA has a calculated emittance of 0.6 cm-rad giving a 
brightness of a few times 10 . This value compares favorably with 
observed performance. 
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C. EXPERIMENTAL STUDIES 

Central to our experimental studies a r e i d i l y modified 2 HV, several kA 

electron gun HBTS that w i l l allow us to test candidate cathode materials, 

types and electrode geometries. The HBTS is designed to accommodate 

electron sources ranging from small f i e l d emission cathodes requiring up to 

1 MV/cm f ie lds to medium area (<100 cm ) cathodes such as thermionic or 

plasma sources with moderate extraction f ie lds (-100 fcV/cm). The stand 

allows evaluation of not only the int r ins ic brightness of the cathode but 

also the source ruggedness, usefulness for high average power operation and 

l i fe t ime. 

The power drives for the HBTS are MAG-1, magnetic modulators are 

capable of more than 100 Hz continuous operation. The radiation shielding 

is a pool designed to provide 105 attenuation. A 15 hp pump combined with 

a 10 gallon storage tank provides for a 15 minute removal of the 

radiation shielding. The two halves of the Injector are independently 

mounted on tracks in order to f ac i l i t a t e access to the in ter ior fo r work on 

the electrodes. A beam transport extending into a second underground room 

w i l l provide an area where a sample of the electron beam can be analyzed. 

V. CONCLUSIONS 

The ELF amplif ier should be able to produce saturated output generated 

from noise i f we can increase beam brightness to 10 A/cm-rad . -We 

f ind no practical or theoretical reasons why the brightness of 

roulti-kilnampere guns such as the ETA injector cannot be pushed well above 

10 A/cmz-rad . Cathodes presently under development show promise for 

providing rugged, re l iab le beam sources of kiloampere beams at brightness as 

high as 1 0 . At such high brightness the trade-offs between beam 

brightness and total current must be re-evaluated. 
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FIGURE CAPTIONS 

FIG. 1 Small signal gain in the super-radiant mode as a function of 
wiggier length. 

FIG. 2 Microwave power output as a function of wiggier length for 
constant wiggier f i e l d (B w * 4230 Gauss). 

FIG. 3 Small signal gain as derived from l inear theory as a function of 
maximum betatron radius of the beam electrons. 

FIG. 4 Relat iv is t ic Pierce solution neglecting the effect of space charge 
depression on electron velocity. 

FIG. 5 Conceptual design of a high brightness, multi-kiloamp electron gun. 
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Cathode type T e f f (eV) .1 (A/cm 2) B (A/rad 2 - cm 2) Area (cm 2) Vacuum (Torr) Lifetime !hr) Comments 

Thermionic 
BaO 
LaB 6 

- 0 . 1 
- 0 . 2 

- 5 
< 3 0 

£ 10 7 

< 3 X 10 7 

- 1 0 0 0 
- 200 

10" 7 

10- 7 

< 1 0 3 

< 1 0 3 

Moderately susceptible 
to poisoning 
High operating temperature 

Dispenser 

Random 
porosity 

Controlled 
porosity 

- 0 . 2 

- 0 . 2 

< 3 0 

S 4 0 

< 3 X 10 7 

S 5 X 10 y 

- 200 

- 200 
< 5 X "T7 10 3 

Uniformity depends 
on porosity 

Uniform, rugged 

Laser heated > 0 . 2 - 1 0 3 - 3 X 10 8 - 5 1 0 - 8 10 3 Easily poisoned, 
not mature 

Photo-emissive < 0 . 1 — — — - i o - 1 1 - 1 0 3 

Field emission 
Controlled 

Uncontrolled 

1 

1 

600 

100-1000 

2 X 10 8 

3 X 1 0 7 

- 10 

- 5 - 5 0 
10" 6 > 1 0 3 

Experimental, rugged 

Rugged 

Flashboard - 7 0 - 3 0 ~ 1 0 s - 2 0 0 10~ 6 > 1 0 4 
Multi-component 
beam 

Table 1 
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Fig. 1 
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