
U C R L — 9 3 2 6 2 
DE86 007154 

HIGH GAIN AND HIGH EXTRACTION EFFICIENCY 
FROM A FREE ELECTRON LASER AMPLIFIER 

OPERATING IN THE MILLIMETER WAVE REGIMF 

T. J. Orzechowski, B. R. Anderson, 
W. M. Fawley, D. Prosnitz, E. T. Scharlemann, 
S. M. Yarema, A. M. Sessler, D. B. Hopkins, 

A. C. Paul, J. S. Wurtele 

SEVENTH INTERNATIONAL FREE ELECTRON LASER 
CONFERENCE 

Tahoe City, California 
September 8-13, 1985 

October 1, 1985 

This is a preprint of a paper intended for publication in a journal or proceedings. Since 
changes may be made before publication, this preprint is made available with the 
understanding that it will not be died or reproduced wtthoat the permission of the 
author. 

DISTfllBl/TfOP CF T'"S DOCUMENT (S UKLflfflTfll 



HIGH GAIN AND HIGH EXTRACTION EFFICIENCY FROM A 
FREE ELECTRON LASER AMPLIFIER OPERATING IN THE MILLIMETER WAVE REGIME 

T. J. Orzechowski, B. R. Anderson*, W. M. Fawley, D. frosnitz, 
E. T. Scharlemann, S. M. Yarema 

Lawrence Livermore National Laboratory* 
Livermore, California 94550 

A. M. Sessler, D. B. Hopkins, A. C. Paul, J. S. Wurtele+t 
Lawrence Berkeley Laboratory** 

Berkeley, California 94720 

October 1, 1985 

ABSTRACT 

Experiments at the Electron Laser Facility have generated peak microwave 

power of 180 MW at 35 GHz. The facility is operated as a single pass ampli­

fier. Gain in excess of 30 dB/m has been observed up to saturation of the 

amplifier. For the 3 MeV, 850 Amp electron beam, the radiation corresponds to 

7% energy extraction from the electron beam. Beyond saturation, the electron 

beam output power exhibits oscillations corresponding to the synchrotron 
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motion of the trapped electrons in the ponderomotive well. Tn addition, the 
TE_, and TH ? 1 modes have been studied and have power levels comparable to the 
fundamental. Third harmonic (105 GHz) radiation has been measured at power 
levels on the order of a few percent of the peak fundamental power. 

INTRODUCTION 

The Electron Laser Facility (ELF) is a Free Electron Laser amplifier 
operating in the millimeter wave regime. ELF uses the electron beam produced 
by the Experimental Test Accelerator (ETA) which is a linear induction accel­
erator. Both ELF and ETA have been described in previous publications and 
will be briefly reviewed here. The experimental results discussed here 
include small signal gain, exponential gain in the amplifier mode, saturation 
of the amplifier and the effects of synchrotron motion beyond saturation. 
Higher order modes and third harmonic radiation have been studied in the 
amplifier mode of operation. 

DESCRIPTION OF EXPERIMENT 

Present experiments on ELF use a 3 MeV, 850 Amp beam generated by ETA. 
2 The gun in ETA has been modified to use a field emission cathode yielding a 

3 peak current of 3 kA. An emittance filter in the ETA/ELF beamline is used 
to reduce the current and emittance of the beam injected into the wiggler. 

A 2 2 
The brightness of the electron beam is 2 x 10 A/cm -rad , which is a factor 
of two higher than the electron beam formed with a flashboard cathode and used 

4 in the preliminary ELF experiments. The pulse length of the electron beam 
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through the wiggler is 12 to 15 nsec long. Although ETA is capable of operat­
ing at 1 pps, the experiment is run at 1/2 Hz to reduce the average power load 
on the wiggler. 

The linearly polarized, pulsed electromagnetic wiggler is 3-meters long 
with a period of 9.8 cm. In addition, each two periods of the wiggler is 
independently controlled. We used this feature to vary both the amplitude and 
the length of the wiggler magnetic field. When the wiggler length was varied, 
the section of wiggler not used for FEL resonance was set at 40% of the wig­
gler field in the resonant section. This reduced field assisted in guiding 
the electron bea.n out of the interaction region but did not contribute to the 
FEL interaction. Horizontal stabilization is provided by continuous (hori­
zontal) focusing quadrupoles. 

The input signal to the FEL amplifier was provided by a 100 kW, 35 GHz 
magnetron with a pulse length of 500 nsec. The magnetron is matched to the • 
oversized waveguide of the interaction region (3 cm x 10 cm) using gradual 
waveguide tapers. The FEL is matched to the TE,., mode of the oversized 
waveguide: the wiggler plane (and therefore the electric field) is parallel 
to the wide dimension of the waveguide. The magnetron is transit time iso­
lated (L/c > 15 nsec) from the interaction region in order to ensure single 
pass performance of the amplifier. The input signal is reflected into the 
interaction region by a fine mesh screen that is virtually transparent to the 
electron beam. The electron beam is injected through the screen into the 
interaction region. 

When the small signal gain of the system is mr-<?.sured the magnetron is re­
placed with a detector station using bandpass filters, variable attenuators, 
and a crystal detector. A movable microwave short is inserted into the inter-
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action region . As this short is extracted from the interaction region, the 
effective interaction region is lengthened. Any microwave signal generated in 
this region reflects off the short and is monitored at the detector station. 
Both the small signal gain technique and the normal amplifier mode of oper­
ation are illustrated in Fig. 1. 

SMALL SIGNAL GAIN 

The results of the small signal gain measurement are shown in Fig. 2. 
The detector system includes a low pass and band pass filter (33.8-35.2 GHz) 
to ensure that the signal being measured is in the resonant frequency band­
width (the wiggler field is set to a value corresponding to resonance at 
34.6 GHz). Also, the detector system is in fundamental guide (K -band, WR28) 

a 

and the smooth tapers are used to guide the microwaves from the over-sized 
guide to the fundamental. Therefore, any higher order modes excited in the 
interaction region are beyond cutoff in the fundamental guide and the small 
signal gain only measures the gain in the fundamental mode. The small signal 
gain is 26.6 dB/m through the wiggler. The radiation grows from an effective 
input signal of 1.5 mW This small signal gain is approximately twice the 

4 gain measured previously where we had half the input current but same 
emittance. 

AMPLIFIER EXPERIMENTS 

In the amplifier mode, the detector station is replaced by the magnetron 
operat- ,g at 34.6 GHz with an output power of 100 kW and pulse length of 
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500 nsec. We lose 3 dB of the input signal in tapering from the fundamental 
oversized guide and reflecting off two mitre bends into the interaction region. 
Therefore, 50 kW enters the interaction region. 

Crystal detectors are used to monitdr the amplified radiation. The 
interaction guide tapers to a standard WR229 waveguide beyond the wiggler. 
The WR229 guide is terminated in a large (8 1 long x 4' diameter) vacuum tank 
(P ~ 10~ T) the walls of which are lined with a microwave absorbing material. 
The amplified signal radiates into one end of the tank and is received in a 
fundamental guide on th<? far side of the tank. The diffraction loss results 
in 41 dB of attenuation. Directional couplers (one under vacuum) and pre­
cision variable attenuators are used to attenuate the signal further down to 
the milliwatt regime where the crystal detectors operate. The attenuation is 
calibrated in two ways and is periodically checked for reproducibility. 

Gain curves (microwave power as a function of wiggler magnetic field) for 
a 1-, 2-, and 3-meter long wiggler are shown in Fig. 3. The peak of the gain 
curve shifts from 3.8 kG for a 1-meter long wiggler to 3.6 kG for the 2- and 
3-meter long wiggler. Also, the 2- and 3-meter gain curves show an asymmetric 
plateau on the long wavelength side of the curve. Both these phenomena 
(shifted gain curve peak and asymmetric gain curve) are indicative of satur­
ation. In all cases, the full width of the gain curve at the 3 dB points is 
about 10* ( A f 3 d B / f r e s ) . 

Using a resonant field of 3.8 kG (corresponding to the peak of the gain 
curve for the unsaturated amplifier) we studied the amplifier performance as a 
function of its length. The beam current through the wiggler is 850 Amps. 
The results of this experiment are shown in Fig. 4. The exponential growth 
region of this curve shows a gain of 34 dB/m. This is somewhat larger than 
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the 27 dB/m measured in the small signal gain experiment. The amplifier 
saturates at a wiggler length of 1.4 meters with 150 HW output power in the 
TE_ mode. 

Beyond saturation, the output power oscillates with a period of about 
1 meter. This oscillation is a manifestation of the synchrotron motion of the 
trapped electrons in the ponderomotive well. The measured synchrotron period 
is slightly larger than the synchrotron period given by 

synch 2* 
2 m 2 , 3 

Y rm c 
e 2 E s B w 

1/2 
(MKS) (1) 

where E is the peak electric field of the radiation. This calculated value 
is 0.8 m. At least part of the discrepancy can be attributed to the space 
charge forces of the electron beam. 

When the exponential gain portion of the curve is extrapolated back to 
the origin, the signal at the input to the wiggler is 5 kW, which is 10% of 
the injected power from the magnetron. This apparent discrepancy can be 

o 

explained in terms of injection losses. The electric field of the input 
signal can couple into three modes of the FEL: one mode decays, one mode 
oscillates, and the third amplifies. Thus, only one third of the input 
electric field, or one ninth of the input power, actually gets amplified. 

MODES 

Since the radiation of the FEL is confined to a waveguide, the FEL 
resonance condition must satisfy the dispersion relation of the waveguide 

2 2 2 2 (<J = k c + u , where o> is the cutoff frequency for a particular mode 
in the waveguide). The resonant energy for the FEL interaction is 
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L mc 2irJ ' 

°s/c y 

(1 + V> 
(2) 

For a well-matched beam (no transverse betatron 
motion) only the TE , (m > 0) modes with an even number m contribute, since 
these modes have power on axis with the correct polari2ation. The resonant 
energy (in terms of the resonant energy for the fundamental) for the first few 
higher order modes is listed in Table 1. The TEp, (TMp,) mode is sufficiently 
close in resonant energy to the fundamental that we are concerned with energy 
transfer into this mode. 

TABLE 1. 

Mode W-^'W 0 - 1 * 
T E 01 1 

TE 2 1 (TM 2 1) 1.02 

T E 41 <™41> 1.11 

In order to measure the energy in the TE-. and TK_, modes, we placed an array 
of detectors in the far field of the radiation pattern to measure the peak 
signal in each mode. In the far field, a minimum in the fundamental is near 
the maximum in the TE_ or TM_, radiation pattern. This is illustrated in 
Fig. 5. The angle e is in the plane defined by the electric field of the 
radiation and the axis of the waveguide. <t> is the angle of rotation of this 
plane about the waveguide axis. Fig. 6 shows the radiation patterns for the 
TE Q 1 and TE_. (TH 2 1) modes in the $ = 0 plane. The location of the mode 

- 7 -



detector is indicated in this figure. To distinguish between the TE_, and 
TM .. modes, detectors with different polarizations were placed in the far 
field at <f> = 45° and e = 12°. At that point, the E-fields from the TE„ and 
TH 2 1 modes are orthogonal. 

Fig. 6 shows the total power output (TE Q, + TE_, + TM_,) as a function of 
wiggler length. The power in TE Q, mode only is also shown; the difference 
between the two curves is the power in the TE_.. and TM„ modes. We found that 
the power in the (2,1) modes is equally divided between the TE_, and TH-. 

g 
modes which is consistent with their being degenerate modes. Fig. 7 shows the 
fraction of power residing in the particular modes as a function of wiggler 
length. The power in the fundamental and higher order modes is oscillating 
back and forth with a period about twice as long as the synchrotron period. 
This energy exchange is due to the overlapping buckets of the TE-, and TE 
(TM„,) modes. 

HARMONICS 

In a linearly polarized wiggler, the electron orbits exhibit longitudinal 
oscillations along the axis of the wiggler. These oscillations result in 
radiation at odd harmonics of the fundamental. It should be pointed out that 
the electrons are not resonant with the third harmonic; therefore, there is no 
FEL gain at this frequency. Estimates for third harmonic output power indi­
cate that about 1% of the power at the fundamental might be generated at the 
third harmonic. 

A detector was placed on axis to monitor the third harmonic radiation. 
Fig. 8 shows power on axis (TE Q 1) for the fundamental frequency as well as the 
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third harmonic. The peak output power was slightly reduced (~100 MW). There 
was about 200 kW to 300 kW in the third harmonic. In addition, the third har­
monic power as a function of wiggler length exhibits a structure corresponding 
to the synchrotron motion of the trapped electrons. In this experiment, the 
synchrotron period is 1.2 meters, even though the peak power appears to be 
reduced. 

SUMMARY 

A Free Electron Laser Amplifier has operated at 35 GHz with a peak output 
power of 180 MW, with a 3 MeV, 850 A electron beam. This corresponds to an 
extraction efficiency of 731. The FEL has an operating bandwidth of approxi­
mately 10%, based on gain curve measurements. The amplifier saturates at a 
wiggler length of 1.4 meters. Beyond saturation the output power oscillates 
due to the synchrotron motion of the trapped electrons in the ponderomotive 
well. The synchrotron period is about 1.1 m. Power in the TE„,, and TM 
modes is appreciable (-50% of the total power) competing for resonance with 
the fundamental mode. The power radiated at the third harmonic is a few per­
cent of the peak fundamental power (P„ ~ 200 kW). 
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FIGURE CAPTIONS 
Fig. 1. Schematic of the Electron Laser Facility. Configuration A illustrates 

the method for measuring the small signal gain. Configuration B shows 
the amplifier mode of operation. 

Fig. 2. Small signal gain in the super-radiant mode as a function of wiggler 
length. Extrapolating the signal back to the origin gives an effec­
tive input signal of 1.3 mW. 

Fig. 3. Amplified microwave power output as a function of wiggler iwgnetic 
field for a 1-, 2-, and 3-meter long wiggler. The amplifier satur­
ates at 1.4 m. 

Fig. 4. Amplified microwave power output as a function of wiggler length for 
constant wiggler field (B w = 3.8 kG) corresponding to the peak of 
the gain curve before saturation. 

Fig. 5. Far field radiation patterns for the TEQI and TE2i (TM21) modes in 
the plane defined by the electron wiggle motion (<j> = 0). A micro­
wave detector is located at the position shown to monitor the higher 
order modes. 

Fig. 6. Amplified microwave power as a function of wiggler length for a fixed 
wiggler magnetic field (By, = 3.8 kG). The two curves correspond to 
the total power, TEQI +• TE21 + ™ 2 l . (•)> a r ,d to the power in the 
fundamental mode, T E ^ , (A). 

Fig. 7. Fraction of total power in the TEg-| mode and in the TE2i and TH21 
modes as a function of wiggler length. 

Fig. 8. Amplified microwave power as a function of wiggler length showing 
the radiated power in the fundamental frequency, 35 GHz, and at the 
third harmonic, 105 GHz. Both signals were measured in the far 
field along the wiggler axis and correspond to the TEQI mode. 
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