
VOLUME 53, NUMBER 18 PHYSICAL REVIEW LETTERS 29 OCTOBER 1984

Long-Pulse, High-Power Free-Electron Laser with No External Beam Focusing
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We report the results of a free-electron laser experiment which has produced 1—2-p, sec
duration pulses of —30-GHz radiation at power levels up to 4 MW. This is the first free-
electron laser in the high-current operating regime to employ no external electron-focusing
field. Consequently, there is no cyclotron emission, and the output radiation is unambigu-
ously identified as free-electron laser emission.

PACS numbers: 42.55.—f

Currently, many laboratories in several countries
around the world are investigating the free-
electron-laser (FEL) mechanism. ' This mechanism
has the potential to lead to high-power, tunable,
and efficient radiation sources that operate over a
broad frequency range of the spectrum.

In this paper, we report results from a FEL ex-
periment that has two novel features. First, there is
not a guide magnetic field in the interaction region,
although the electron current is relatively high, i.e.,
about 200 A. As a consequence of this feature, the
cyclotron radiation that has plagued other experi-
ments2 is absent, and thus the FEL modes can be
unambiguously identified and analyzed. Second,
the duration of the beam pulse is 2 p, sec, i.e., about
40 times longer than in previous, high-beam-
current FEL experiments. The long pulse duration
of the present experiment can provide valuable in-
formation on the FEL saturation mechanism and
other nonlinear effects.

Although our experiment is uniquely suited to
operate in the oscillator mode, the results reported
in this paper are from a superradiant amplifier ex-
periment, and can be briefly summarized as follows:
After propagating through the accelerator for —3
m, the 700-keV, 2-p, sec-long electron pulse enters
the interaction region. A helical magnetic wiggler
drives the FEL and provides all the electron focus-
ing. Since there is no cyclotron emission, the ob-
served microwave output (4 MW at —30 0Hz) is
unequivocally FEL emission. The radiation is tun-
able with beam energy as predicted. The duration
of the microwave pulse is as long as 2 p, sec and its
linewidth —10'/o. Finally, the shape of the radia-
tion puise suggests that saturation does not occur
for at least 50'/o of the beam-pulse duration.

The electron beam is generated by a linear induc-
tion accelerator (LIA), which was designed and
constructed at the National Bureau of Standards.
Its unique feature is a 2-p, sec-duration pulse. The
injector operates at 350—450 kV and incorporates an

Astron II electron gun. The cathode is located in
an essentially null magnetic field (B,(5 G). A
series of solenoidal coils is used to focus and trans-
port the beam through the rest of the accelerator.
Two accelerating gaps, driven by separate induction
modules, are run at 100-150 kV, giving a final
beam energy of 550 to 750 keV.

Although the electron gun was originally de-
signed to operate with a thermionic cathode, the ex-
periments described here have all been performed
with a graphite-brush cathode. 4 5 This 15-cm-diam,
field-emission cathode is fabricated from 1-mm
threads of 10-p,m graphite fibers. The threads are
spaced 1 crn apart and extend 1 cm from the surface
of an aluminum support plate. This cathode has
proven to be very reliable, long-lived (thousands of
pulses with no evidence of deterioration), and has
greatly simplified the operation of the accelerator.
The electron-gun voltage and current are constant
to within 5'/o for- 1.5 p, sec. The normalized beam
emittance is = 0.25' rad cm, which is only about
twice the value measured with a thermionic
cathode.

The wiggler is a bifilar helix having a 4-cm period
and 4-cm diameter. The total wiggler length is 128
cm, including a 6-period adiabatic transition at each
end. The inherently large field perturbation at the
entrance end of the wiggler is reduced to & 3/o of
the peak field with an external compensating wind-
ing. The 3-cm-i. d. , 0.75-mm-thick stainless-steel
tube passing through the wiggler allows the pulsed
wiggler field (100 p, s rise time) to penetrate nearly
unperturbed to the axis.

One of the major advantages of the helical
wiggler is that it provides radial focusing for the
beam. This focusing is very evident in the experi-
ment. As the beam enters the wiggler, it expands
and its current decreases until it reaches the
constant-amplitude portion of the wiggler. The
current decrease in the transition region is a func-
tion of B„,but if B„)300 G there is no discerni-
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ble additional current loss through the constant-
amplitude part of the wiggler. At the end of the
wiggler, the beam is diverted to the wall of the
beam tube.

Measurements of the beam position and size in
the wiggler are performed with use of a sliding
molybdenum target with an attached scintillator
which is photographed from one end of the wiggler.
The beam radius is typically —0.5 cm, but the
beam centroid is off axis as much as 0.5 cm. Con-
sequently, the beam executes a spiral motion as it
propagates through the wiggler.

The radiation is normally coupled out of the de-
vice through a conical horn and a 15-cm-diam
Teflon vacuum window. The high-frequency out-
put power is measured with a gas-breakdown spec-
trometer or with a calorimeter. The results agree
within the accuracy of the diagnostics. The max-
imum radiated power is 4 MW and is obtained with
E b

= 700 keV, Ib = 200 A, and B„=625 G.
There is a strong correlation between radiated

power, beam current, and wiggler field. A sharp
threshold is observed at B„=400 G for the genera-
tion of significant FEL radiation. Both the trans-
ported current and the microwave power peak at
B„—625-750 G. The ratio of radiated power to
beam current is nearly constant from B„=500 G to
1 kG.

Theoretical output frequencies are given by the
intersections of the waveguide-mode dispersion
curve and the FEL-beam line, co = v, (k+ k„). For
~& (& co„, where cob is the beam plasma frequency

and co„ is the cutoff frequency of a particular
waveguide mode, it is easy to show

o) =k„v,y2 1+P, 1— C4)co

k&, yz

where k =2m/A. „, A. „ is the wiggler period, u, is
the axial beam velocity, Ig, = u, /c, and y, = (1
—P2) ' 2. Normally, output is observed at both
the high- and low-frequency intersections, but the
low-frequency output is about an order of magni-
tude lower in power.

The frequency of the output radiation has been
determined by use of a series of cutoff filters, a
gas-breakdown spectrometer, 7 and a Fabry-Perot in-
terferometer. The measurements agree to within
experimental accuracy. Two sets of Fabry-Perot
data are shown in Fig. 1. Each point represents a
single shot, and the dashed lines show the calibra-
tion curves at the two frequencies. The output fre-
quency increases from 23 GHz to 31 GHz as the
beam energy is increased from —575 keV to—650 keV. By comparing the width of the data
peaks to that of the calibration peaks, we find the
radiation linewidth is —10%. The fact that the
Fabry-Perot output does not drop to as low a value
as the calibration curves between peaks is consistent
with the presence of an additional mode. Indeed,
the high-pass-filter data indicate the presence of an
additional broadband component (which cannot be
resolved by the interferometer) with frequency
from —40 to 60 GHz.
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FIG. 1. Fabry-Perot interferometer data at two values of beam energy. Each point represents a single shot, and the
dashed curves show the calibration at a single frequency.
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FIG. 2. Azimuthal and radial rf electric field variation along a diameter of the output horn. Also shown are the calcu-
lated profiles of the TE~i and TED' modes.
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FIG. 3. FEL resonance frequency vs perpendicular
electron velocity as calculated from Eq. (1).

To determine the radiation mode structure, a
Ea-band pickup waveguide is placed at various posi-
tions on the face of the output window. The
waveguide is rotated to detect either E, or E&, the rf
electric-field components. The results of these mea-
surements are shown in Fig. 2. It can be seen that a
good fit to the data is obtained by superimposing
TE» and TEoi modes of similar peak amplitudes.
Both field components are essentially independent
of 0, implying that the TE» mode is circularly po-
larized, as expected with the helical wiggler.

The 30-33 GHz radiation frequency that is mea-
sured when 8 = 1 kG and e& = 6SO keV is some-
what less than expected from Eq. (1). Figure 3
shows the predicted output frequencies for the TE»
and TED' modes as a function of the calculated per-
pendicular velocity pi= eB„/ymck„. Note that a

pi of 0.25 or 0.36 (corresponding to an effective
wiggler field of 1.5 kG or 2.2 kG) would be re-
quired to generate 31 GHz radiation in the TEO~ or
TE» mode, respectively, while the experimental
parameters give pi=0. 16. To a large degree, this
apparent discrepancy can be explained by the obser-
vation that the beam centroid is —0.5 cm off axis.
The off-axis electrons experience a larger wiggler
field and also undergo betatron oscillations, both of
which increase pi. For example, the outermost
electrons are at r =1 cm where the perpendicular
field is calculated to be 76% higher than the field on
axis. The TEO& field-intensity profile is narrow and
peaks at r/a = 0.5 (r = 0.75 cm), at which point the
wiggler field enhancement is 39%. Thus, it is plau-
sible that the electrons which couple to the TED&

mode lie in a small annular region and have suffi-
ciently large pi and sufficiently small velocity
spread to produce 31 GHz radiation with a 10%
linewidth. The measured frequency of the broad-
band emission ( —40—60 GHz) is roughly con-
sistent with the expected output frequencies in the
TE» mode (which has a broad profile), given the
axial velocity spread of the beam that results from
the radial wiggler gradient.

The observed frequency tuning of the narrow-
band output is also consistent with a TEoi interac-
tion, as shown in Fig. 3. With y = 2.13, the largest
p i for which resonance can occur is p i = 0.23, at
which f=23 GHz (the measured value). This
value of pj is consistent with that obtained in the
y=2.27 case, with the assumption of the same re-
duction in axial velocity due to beam off-centering.

The peak power of 4 MW corresponds to an in-
teraction efficiency of 3%. The theoretical cold-
beam efficiency, 9 q = r/0(b'yy, ck„), is q = 10%.
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It is unlikely that saturation has been reached in
this single-pass, superradiant experiment, because
the output power sometimes continues to increase
up to t =1 p, sec. Therefore, given the beam-energy
spread and the off-axis propagation of the beam
through the wiggler, the observed efficiency is actu-
ally quite good.

Work is in progress to improve the beam quality
and the beam centering in the wiggler. This should
enhance the excitation of the TE&~ mode, and in-
crease the efficiency. ' The success of the experi-
ment suggests that a repetitively pulsed, long-pulse,
high-power FEL would be an attractive means of
delivering high-energy millimeter-wavelength radia-
tion. The long-pulse capability of this experiment
also makes an oscillator configuration very attrac-
tive. We are currently addressing these issues.
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