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Single-Mode Operations of a Circular Free-Electron Laser
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A circular free-electron laser (FEL) consists of a rotating electron beam and a circular wiggler for
compactness. This paper presents the demonstration of a high power (3.6 MW), single-mode (mode
purity of 99%) oscillation of a circular FEL with relatively high efficiency (4.6%). Although a circular
FEL has an axial streaming electron velocity and a wide instability bandwidth due to its negative mass
effect, one can control a single-mode oscillation at cutoff frequency. [S0031-9007(96)01092-7]

PACS numbers: 41.60.Cr, 52.75.Ms

In recent years, intensive researches have been con-When there is an axial streaming velocity,, the
ducted on a free-electron laser (FEL). It is pointed outwiggler field yields the wiggling velocity not only in the
that compact FELs are required for applications of FELsz direction (v,) but also in thed direction (vg). From
For this purpose not only the accelerator but also the wigEg. (1), the electron bunching in a circular FEL is caused
gler and the optical system have to be reduced in size.

One of the basic concepts to realize compact beam device«(a) Rotating electron beam

is circulation of an electron beam with a magnetic field as
well as circulation of an electromagnetic wave beam with
a ring resonator. The examples include a “photon storage
ring” [1] in the infrared and optical regions and a “large
orbit gyrotron” [2] in the microwave region.

A novel type of FEL, a “circular FEL,” which has
a rotating electron beam and a circular wiggler for
compactness, was proposed by Bekefi [3]. It should be
noted that the size of our circular wiggler is about 14 cm
in diameter and 20 cm in length. The circular FEL has
been studied experimentally by MIT and the University
of Maryland [4—6]. Theoretical studies [7,8] found that

the negative mass instability mechanism of the rotating it A r—
electron beam enhances the growth rate and increase: 26t
the instability bandwidth of a circular FEL. In this Guide coils
paper, we report the first experimental results of single-
mode operations of a circular FEL with a relatively high —
efficiency and a wide instability bandwidth. E
A circular FEL consists of a rotating electron beam
and a compact circular wiggler as shown in Fig. 1(a). - H’
The circular wiggler is composed of an azimutha() Azinde G
periodic radial £) wiggler magnetic field in a coaxial e — | fYscgum windoe
waveguide. The electrons rotate in thelirection under ; - Colscticn con | By
an axial ¢ magnetic fieldB,, with the perturbed wiggling | I gt
velocity in thez direction. The rotating electrons couple —

—
Marx generator —

E:Esurbcr

with aTM,,, traveling mode along the direction through
the axial @ electric field of the radiation. Herp and
g denote the azimuthal and the radial mode number,
respectively.

The frequencyw, of the beam mode can be written as

wo = (P + N)QC/Y + (kaZO)’ (1) —==— Saft iran plate —

whereN, Q., v, k;, andv, are the wiggler periodicity, the 10cm
nonrelat|V|st|p electron cyclotron frequ_en_cy, the I-Or(:"n'FZFIG. 1. Schematic diagram of circular free-electron laser. (a)
factor, the axial wave number of the radiation, and the axiafront view of circular wiggler,N = 12 wiggler periodicity,
streaming velocity of the electron, respectively. a = 7.0 cm, andb = 5.5 cm; (b) experimental apparatus.
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by the energy change due to thgE, interaction and 25 . . . : -

the v, E, interaction, as well as the change of Doppler Q. 057108 k<0 p
. v [ir 2

frequencyk,v,o due to the Lorentz forcevyB, in the 2z ‘ .t

z direction. HereE and B denote the electric and 20r o i

magnetic fields of the TM radiation. It is easily proven by

Maxwell's equation for a TM mode that the first and third |

effect of the electron bunching have the opposite sign and TM waveguide mode

are canceled out. Therefore electron bunching is caused Vot

only by thewv, E, FEL interaction, even though there is 10" = *\ .

an axial streaming velocity. The cutoff TM radiation can o Beam mode

have the most effective interaction in a circular FEL, since

the cutoff TM radiation has only the componentE, 5, 5 1'0 1'5 2'0 2'5 "

of the electric field. In addition, a cutoff TM radiation P

may have the highest caviQ value in our open aperture _ _ _ _

cavity. Based upon these two facts, a circular FEL Witth'G'zz(')) fn'(sjpggr?]”mrg?g%g ‘;’;u%‘étt?gn T()'}Aa‘;"iﬁ:’li%‘gldﬁamgrﬁc

an axial streaming ve[ocﬂy_ ogcﬂlates in a single mode a ljmber p, where y = 1.84 (430 keV), B., — 380 G, and

the cutoff(k. = 0). This point is clearly demonstrated by /27y = 0.577 GHz.

our experiment.

The dispersion relation of the beam madgin Eq. (1)
and theTM,, waveguide modew(p,q) is shown in
Fig. 2 for the case of cutoff. The frequency detuning
between the beam mode and the waveguide mode
defined as\w = wg — w;.

A linear theory on a circular FEL was presented by
Ref. [7]. The growth rate; of the circular FEL radiation

15 x 7

w/27 [GHz]

w;/wq of a circular FEL as a function of the normalized
detuning Aw/wy. The parameters for the calculation
are based on the experiment to be discussed in Fig. 4,
wherey = 1.84, a,, = 0.019, B;yo = 380 G, w,/w) =
0.033, f1 = 1, and f, = 2. This figure indicates that a
circular FEL has a wide permissible frequency detuning

is given by the imaginary part of the propagation constanfan instability bandwidth) with a sensitive dependence on

. . . b he energy spread.
I from the following dispersion ge)[e;téon. fiw? A schematic configuration of our circular FEL oscillator
+ —}

I+ 2AwI? + [sz - <w0— experiment is shown in Fig. 1(b). The field emission
Y Y cathode consisting of a hollow velvet cloth is directly

B fzw,z,woaw 2 energized by a Marx generat6«500 keV, 5 us). This
3 () hollow axially moving beam is converted to a large orbit

| rotating beam with a radius of, = 6.25 cm and a width

wherea,,, w,, andAy are the normalized vector potentia i o
s @ 14 b f 0.5 cm by passing through the cusped magnetic field.

of the wiggler field, the plasma frequency, and the energ ; . :
spread of the electron beam, respectively. The othef® compact circular wiggler is generated by permanent

variables are described in Ref. [7]. The dispersion relatiof@gnets embedded in the coaxial conductors (the inner
of a linear FEL which consists of a linearly moving radiush = 5.5 cm and the outer radius = 7.0 cm) with

electron beam and a linear wiggler is as follows: N = 12 periodicity. The amplitude of the wiggler fiel,
at the center of the gap is 900 G. The coaxial conductors

Ay\? 1w}
IG-%ZAwIQ+[Aaﬂ-—<w0—%> _Il_£(1+ai} X
Y Y 0.015 T T T T T
fjwzama%
- - TR @) s

A circular FEL [Eq. (2)] has a larger coupling term (the 0.010
right-hand side) by a factor af> and a higher sensitivity '
to the energy spread than a conventional linear FEL 3
[Eqg. (3)]. Above all, the space charge term of a circular 3
FEL [the fifth term of the left-hand side of Eq. (2)]
has the opposite sign of the space charge term of ¢
linear FEL in Eq. (3), resulting in the wide-band space
charge instability. This wide-band instability is called a
“negative mass instability” [9]. All these characteristics ) 499 \
are caused by the negative mass effect of a rotating -0.1 .
electron in a magnetic field. As a result, a circular FEL A/ wo

owns the unique properties caused by a coupling betweqﬂG_ 3. Theoretical growth rate;/w, of circular FEL as a
the conventional FEL instability and the negative masSunction of frequency detuningw/wo, wherey = 1.84 a,, =
instability. Figure 3 shows the normalized growth rate0.019, B, = 380 G, w,/wo = 0.033, f; = 1, andf, = 2.
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@ 400 accurate frequency spectrum in Ku and Ka band by means
00 L of a fast Fourier transform (FFT) function (frequency reso-
lution of 3.9 MHz) of the digital oscilloscope for IF signal
= 40T after heterodyne detection. Temporal evolution of each
f 300 radiation mode is obtained with the YIG tunable bandpass
200 - filter (10—40 GHz, 3 dB bandwidth of 30—40 MHz).
100 L In Fig. 4(a), we display wave forms of the accelerating
0 voltageV and the beam currert entering to the cavity
® measured by a Faraday cup under the axial guide magnetic
250 = w . ‘ I field of B,y = 380 G. The voltage gradually decreases
% 200 | e from a flat top voltage oV, = 430 kV due to discharge
3 150l o TM7L0dB | of the Marx generator. While the main radiation mode
2 e TM91 10dB is oscillating, the electron velocity ratia (= vgo/v;0)
g 100 ] is about 2—3. Heravy is a rotating velocity without
S sof A ] wiggling motion.

o L YL , Figure 4(b) shows the rf diode signals of the main
© o TMg; mode at 11.77 GHz, the weak spurious modes of
1.0 . r 1 . TM §; at 11.04 GHz, TM, at 11.38 GHz, and TN} at

S SR A N7 W A — ™61 12.18 GHz. Note that the spectrum spacing of each mode
) it is aboutAf/f = 4%. The theoretical cutoff frequen-
A T, e cies (i.e.,k. = 0) of the TM modes are 11.73 GHz for
8 04 - 1 TMg;, 11.00 GHz for TM;;, 11.35 GHz for TM,,, and
02k ‘%! i 12.14 GHz for TMy,, respectively. The measured fre-
‘ I quencies are in good agreement with the theoretical cutoff
00 =0 250 300 750 1000 1250 frequencies within an accuracy of 0.4%, which may be

t[ns] caused by mechanical accuracy of the coaxial waveguide.
FIG. 4. Temporal profile of the oscillation. (a) Accelerating 1"€ FFT measurements indicate that the rf signal of each
voltageV and beam current,. (b) rf diode signals of TN, mMode has a very narrow frequency spectrum width of
TMy;, TMg, and TMy (12.18 GHz). The rf attenuation for Af/f = 0.1%. These experimental results make it clear
the main TMy; mode and the spurious Tidare 16 and 10 dB  that a circular FEL oscillates at cut off, even though there
larger than the attenuations for T¢Mand TM;,; modes. (c) is an axial streaming electron velocity.
Theoretical growth rates whetey/y = 2.8%. The peak power of the spurious modes of FM
TM 4, and TMy; are 31, 25, and 20 dB lower than the
also act as a coaxial cavity with open apertures for thenain TMg; mode, respectively. From these experimental
cutoff TM radiation of k, = 0. The length ) of the results, the main T, mode is considered a single mode
coaxial cavity is 35 cm, which includes the lendgth=  oscillation with a mode purity of 99%.
20 cm of the compact wiggler. In this single mode operation of the Tyimode, the
The far field radiation from the open aperture of theoutput power radiating from one of two open end aper-
circular FEL is measured with standard gain (15 dB) horrtures of the coaxial cavity is 600 kW. Since the frequency
antennas. The detector and the attenuator are carefulijeasurement indicates that the radiation mode is cut off
calibrated by HP power meters. It is theoretically pre-(i.e., k&, = 0), equal amounts of power radiate symmetri-
dicted [10] that only TM modes (neither TE nor TEM) in cally from both of the open end apertures of the cavity due
coaxial waveguides irradiate their main lobe off axis. Itisto diffraction [12]. Based on the rf measurement inside
experimentally confirmed [11] that the measured far fieldthe cavity by means of the loop antenna, we calculated the
has the main lobe off axis. In the circular wiggler, the storage rf energy of 6.2 mJ. Therefore, the quality fac-
TM traveling wave mode along the direction interacts tor Q of the cavity for the TM; mode can be estimated to
with the rotating electron beam. Therefore the far fieldbe 400.
pattern is expected to be axially symmetric, which is also We compare these experimental results with the linear
experimentally checked by scanning measurements in twieory of the circular FEL [7]. Figure 4(c) illustrates
(vertical and horizontal) planes. theoretical curves for the growth raig /wo versus time.
The total output power is obtained by spatial integra-These growth rates are calculated with Eqg. (2), combined
tion using the experimentally measured intensity of the fawith the time-dependent experimental data of the electron
field, based on the reasonable assumption of axial symmé&eam shown in Fig. 4(a). The electron density is obtained
try. The shot-by-shot reproducibility is as good as 3 dBwith the measured axial current and the velocity
for the power measurements. The rf field inside the cavityatio @ = vgo/v0 given by the theoretical expression in
is measured with a tiny loop antenna (1 mm inner diam) af13]. The energy spread of the beam from the velvet
the inner surface of the cavity conductor. We obtain thdield emission cathode similar to ours was measured to
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be Ay/y = (2-3)% by Japan Atomic Energy Research The maximum output power of the T main mode

Institute [14]. In our analysis, the energy spread of thethat we observed from the one open end aperture of the

beam is assumed to ey /y = 2.8%. The cavity decay circular FEL cavity is 1.8 MW forV, = 412 kV and

time 7, (= Q/w, = 5.4 ng and the radiation rise time B, = 370 G. We evaluate the energy efficiency from the

7. [= Quwil,/l — w,/Q)"' = 1 ng] are negligibly short electron kinetic powerl( V) to the total radiation power

compared with the observed rf pulse width of 500 ns. P, diffracted from both the two open end apertures (i.e.,
The first indication that the T mode has the high- 1.8 MW X 2 = 3.6 MW). It should be noted that the

est growth rate from the beginning of the voltage flat topradiation is cut off (i.e.k, = 0) and equal amounts of the

(r = 300 ns) and then decreases with decreasing the volipower radiate symmetrically from both sides [12]. The

age is shown in Fig. 4(c). This theoretical result suggesttotal energy efficiency is found to be 4.6%.

that the TM;; mode radiation dominates over the TM In conclusion operations of a high power single-mode

and TM;; modes from the beginning of the voltage flat oscillation of a compact circular FEL with relatively

top (¢ = 300 n9 for the initial voltage ofVy, = 430 kV.  high efficiency are demonstrated. It is experimentally

This theoretical prediction is in agreement with the expershown that a circular FEL oscillates as a monochromatic

imental result shown in Fig. 4(b). A second observation(Af/f = 0.1%), single mode TM; (the mode purity

of Fig. 4(c) is that after = 600 ns the growth rate of the of 99%) at cut off, even though there is an axial

TM;; mode becomes highest instead of the givhode. streaming velocity of the electron beam. The linear

However, the experimental result of Fig. 4(b) shows thatheory predicted that a circular FEL has a wide instability

the TM,; mode starts to oscillate at= 780 ns when the bandwidth due to its negative mass effect. This feature is

main TMg; mode stops oscillation. The T mode is  experimentally confirmed for the single mode oscillation

completely suppressed during the preceding oscillation dby the observed large permissible detuning. These results

the TMg; mode. give encouragement to further develop a circular FEL as
The oscillating moder'M,,, is determined by the dis- a compact FEL.

persion diagram shown in Fig. 2. We clearly observed We wish to thank Jonathan S. Wurtele and George
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