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ITRODUCIION

This report is a summary of the principal research
completed under contract N0014-79C-0769 on
experimental and theoretical research relating to Free
Electron Lasers, in particular the millimeter-wavelength
Raman FEL at Columbia University. The research spans a
period of approximately ten years.

Following this introduction, the remainder of the
report consists of a compilation of published research
papers. These comprise a representative sample (not
complete) of the major research findings. The remainder of
this section is an overview of these findings.

Section I consists of two papers published in the first
IEEE FEL review issue, one 06?Thg the first results from
our new FEL facility and the other being a theory of beam-
temperature effects upon the gain of an FEL (one of the first
of several such studies that bave been made by several
groups).!'-ecfion II and III isa pair of papers discussing
results from a type of FEL which has since become known as
a 4CARM14 1ae principles were the subject of a patent
recently issue - ections IV-VI ar the results of a C02
laser - Thomson backscattering experiment wkieh--
determined the momentum spread of the electron beam in
our FEL * Sections VII-IX describe gain and dispersion
studies of)our 2mm FEL and X,Xi report the sideband
spectrum f this FEL configured as an oscillator as well as a
demon ration that the sideband frequency depends on the
group velocity of the carrier wave. Sections XII and XIII
reportthe operation of the FEL oscillator "ff ftfii with a
fired undulato) in which not only efficiency

enhancement but also sideband power reduction was
obtained. "TCncluding, section XIV- deals -with>the theory of
optical guiding,in our Raman FEL a4.XV5,resent ,1/
experimental evidence that the optical power profile isJ'-'?

1'



•- 2 modified by optical guiding as it occurs in our overmoded
waveguide system./ ,

Further studies of optical guiding, including new
results on the effects of guiding on the sidebands, are to be
published in Physical Review A this year, and represent a
follow-on of the above research continued under further
ONR and additional NSF sponsorship.

, .7
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SECTION IA

A Submillimeter Free-Electron Laser Experiment
DAVID S. BIRKETT, T. C. MARSHALL, S. P. SCHLESINGER, SENIOR MEMBER, IEEE,

AND DAVID B. MC DERMOTT

Abstract-A free-electron las (FEL) Raman-bacckcattering oscillator, tion of lasing in a similar system [1 , extended the duration of
using a 1-1 MeV, 20 kA electron beam pumped with a weak (-2SO ) laser pulses, thus making possible a detailed study of signal
periodic (8 mm) transverse magnetic field, is operated as a source of growth, and examined a range of tuneable wavelengths in the
high power millimeter and submillimeter radiation, with lasing develop,
ing during the 150 ns beam pulse. Measurements of lasing operation near millimeter and submillimeier regimes. The reader is re-.
are described at 1.0 and 0.6 mm. The tempood behavior of cavity radi. ferred to review papers [31 -(51 on the Raman FEL for addi-
atlon is considered and effective gain is measured and compared with tional theoretical details and an overview of past relevant
theory. research.

I. INTRODUCTION II. APPARATUS
W E report recent results from the new Columbia free. The Columbia FEL and its electron accelerator are shown

electron laser (FEL) facility, which is a source of schematically in Figs. I and 2. The accelerator (Fig. 1) is a
millimeter and submillimeter radiation operating in the stimu. Physics International Pulserad 220, consisting of a 20 stage
lated Raman backscattering regime [1 ], [2]. Signal growth oc- Marx Bank and a four meter coaxial transmission line serving
curs when an intense, relativistic electron beam, propagating as a pulse forming cavity. The Marx, storing 20 kJ, is erected
parallel to and near the walls of a cylindrical drift tube, inter- to 2 MV and charges the transmission line. The electron beam
acts with a periodic magnetic field produced by a pulsed undu. is formed after breakdown of a spark gap switch, when -- 1
lator. Magnetic profiling of the beam permits introduction of MV is applied to the graphite cathode of a foilless diode. Elec-
mirrors on the optical ray path of the electron beam; this al. trons are field emitted from the cathode in a region of high
lows signal feedback and lasing. A pulsed electron beam of magnetic field, and then follow the magnetic field lines into
150 ns duratiorn permits as much as 15 transits of radiation to the interaction region (L "-50 cm), where a weak (BI - 200 g)
accumulate in the cavity. We have confirmed previous observa. periodic (Xo -8 mm), perpendicular magnetic field (provided

by the undulator) is superposed on the guide magnetic field
Manuscript received December 20, 1980; revised April 6, 1981. This (Bo -10 kg).

work was supported by the AFOSR and ONR.
The authors are with the Plasma Physics Laboratory, Columbia An essential feature of the guide field for the FEL oscillator

University, New York, NY 10027. is a gradual 2:1 step in field strength (Fig. 2), located about

0018-9197/81/0800-1348500.75 © 1981 IEEE
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Fig. 1. The Columbia FEL facility. The laser is shown in the super-
radiant configuration.

PROFILED
BEAM parallel to the lines of guide magnetic field with the aid of

-UNOULATOR rBELLOWS witness plates. Both the high field zone of the guide magnetic
FQUARTZ ANODE MIRROR field near the cathode and the undulator field are produced by

CATHODE - __.- - - TO DIAGNOSTICS discharging separate capacitor banks. These fields penetrate-,MeV -.. "7sca...... a-k- 'Thse--eld
cm -the walls of the drift tube via a longitudinal slot in the drift

CATHODE MIRROR tube. The undulator is wound as a bifilar helix. About 10 per.

o 201:G cent of radiation in the cavity is coupled out through a 2 cm
10o G hole in the center of the anode mirror, and then transmitted

z along 7 m of light pipe to a shielded screen room. A micro-
Fig. 2. The FEL oscillator cavity and requisite tapered magnetic field, wave filter and two separated screen meshes (mesh spacing

0.8 mm) are used to filter low frequency beam radiation.
7.5 cm downstream from the cathode. This step expands the Schottky barrier. diodes are used for detection and an external
I mm thick annular beam to within 1 mm of the drift -tube adjustable Fabry-Perot cavity is used for spectroscopy.
(5 cm diameter) wall, and locates the beam within the periodic
field of the undulator, thus removing the cathode from the ray III. PRINCIPLES
path of the beam. Other desirable features of this beam pro- Before considering experimental results, we present in this
tiling include a cooling of beam perpendicular temperature section a qualitative discussion of certain basic features of FEL
due to conservation of the adiabatic invariant yT./Bo, and the operation. The mechanism of signal growth in the [FEL is
elimination of hot electrons emitted from the cathode shank. stimulated Raman backscattering [2] -[4]: this is a three-wave
As the beam gradually expands toward the wall, it traverses a process in which an idler, a longitudinal plasma wave (wp =
region nf increasing pump field, over a zone of several 8 mm (4irne/-m)' 12 - 8 GHz), and scattered electromagnetic wave
periods. grow parametrically as a convective instability depleting a

Typical diode voltage and current waveforms are presented "pump" transverse wave. For our case of a relativistic beam, a
in Fig. 1. The diode voltage is measured with a divider circuit periodic magnetostatic undulation in the guiding axial magne-
mounted on the dump resistor; the latter is used for impedance tic field serves as the electromagnetic pump wave in the beam
matching to the 20 12 line. The diode current is measured frame. If K is the beam kinetic energy (somewhat less than
with a small loop linking the B9 of the diode current and an the diode voltage due to beam space charge), the relativistic -f
integrator. The beam current is measured with a Faraday cup of the beam is given by (K + mc 2)Imc2 , and the backscattered
mounted in the drift tube intersecting the beam. wavelength is given approximately by

The cathode mirror (Fig. 2) is a stainless-steel flat mounted
directly on the cathode stalk, and is electrostatically shielded c /0-c. )-
to prevent breakdown to the diode walls. The anode mirror, X / ,o ()
an aluminum coating deposited on z-cut quartz, is mounted in
an adjustable bellows. Both mirrors can be aligned precisely where .= vs/c. v, = longitudinal velocity, and No is the un-
for parallelism under vacuum with an external red laser. The dulator period. In our experiment, since electrons have a rest
mirrors are set perpendicular to the drift tube, which is aligned energy of 0.51 MeV, we can vary the beam -y between 2 and 3.
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Fig. 4. Dependence of total gain upon pump signal mismatch: f 1,
___ - __w_ = 250, (eBdmc)r = 10. Note that this pump amplitude is about

0 0.1 0.2 0.3 twice that actually used in the experiment.

Fig. 3. Scattered wa elength as a function of b em y. eB < < ( 2 ( 21

For Xo -8 mm, the pump frequency is Ol 1o - 30 G-Iz, well me X0 )

above the electron gyrofrequency of (1/2 7r)(eBol/mc) - 10 A7 < o p (3)
GHz. Thus, we avoid magnetoresonant interaction of the elec- y' 3percent (3)
trons with the undulator field.

Stimulated Raman backscattering has been observed over a respectively, backacattered radiation will grow exponentially
range of beam energies, in both laser and superradiant (single- along the beam with growth coefficient predicted to be
pass) configurations. Fig. 3 summarizes experimental confir- 2W Xo 1/
mation of scattered frequency dependence on 92 for several [f"f= I( el 12 3 (4)
experiments on three different machines using =8 n(.
The two longer wavelength points were measured in super- where f is the cavity filling factor, the fraction of cavity radia.
radiant configurations, one of which used a less energetic, less tion that interacts with the beam. Equation (4) applies when
intense (cop - 4 GHz) beam of 10 ns duration (63. The short- wg given by
est wavelength point was .measured on the first collective FEL W
[1], which used the 50 ns 1.2 MV Naval Research Laboratory W1 = - (5)
veba accelerator. Points at X, - 0.6 mm and X, - 1.0 mm, 2, Xo

taken on the new Columbia facility, show the inherent tunabil- is equal to wp of the beam, i.e., to resonance between the fre-
ity of the FEL. For the point X - I mm and -/ 2.3, the quency of the plasma oscillation and the beat disturbance pro-
diode voltage was - 700 kV while for X, -0.6 mm, 7 2.9, duced by the nonlinear mixing of the pump and scattered
the diode voltage was -950 kV. waves. A finite mismatch will reduce this quantity. Fig. 4

Since the scattered radiation is one component of a three- shows a calculation (2) of single-pass gain for a system with
wave coupling instability, the introduction of mirrors provides parameters similar to our system for arbitrary frequency mis-
regenerative feedback with the associated benefit of narrowed match. The calculation is done in the beam frame where t-
bandwidth and increased power. We may estimate the band- L/c'y. Notice that both stimulated emission and absorption
width of this FEL oscillator to be the spread of unstable fre- can occur with relatively small changes of order Wp in the beat
quencies in the three-wave interaction, which, for our system, frequency wo. This fact imposes stringent conditions on varia-
yields Awcow, - I percent (1], [2]. Decreased pump ampli- tions of - in time (ZA7), since wi is a sensitive function of 7.
tude reduces the spread of unstable frequencies [6] and Note that it is the pump frequency which varies during the
narrows the bandwidth, while feedback permits power to grow FEL pulse; the scattered frequency is established by ambient
over many bounce times of the cavity radiation. Low pump cavity radiation. We see from Fig. 4 that exponentially grow-
amplitude is also desirable because of the possibility of an ing power in time would require A7/7- < I percent through.
absolute instability disrupting the beam. This instability has out the pulse, a requirement not met by the high voltage tech-
been predicted theoretically [7] to occur for our experimental nology of our accelerator. Thus, we cannot expect power to
parameters when B1 exceeds -1 kG, more than twice the value grow exonentially with constant coefficient for the duration
of the BL attainable by us. In the case of the weak pump, cold of the pulse.
beam collective regime [41 of our experiment, conditions In the FEL system, -y must be nearly constant in time; it
given by must also be nearly uniform in space. A spread of particle
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Fig. S. Scattered power as function of undulator pump amplitude y a
2.9. The system begins to lase at B.. - 200-250 g.

energies within the electron beam, characterized by (Ay) in
(3), may be considered as a temperature effect which causes a OOnS
reduced growth rate due to Landau damping of the plasma Fig. 6. Dual-beam oscilloscope traces of filtered radiation at X - 1 mm:

wave [3], [8]. Beam temperature is due to several effects, all (a) no mirrors (100 mV/div); and (b) laser, 50 mV/div. Diode voltage

of which may remove the beam from the cold beam, high gain waveform is the negative pulse in each case.

regime. For example, if the beam current is large, a beam space
charge potential drop develops across the beam radius [9], evidence that decreasing Xs will put the system in a quasi-
leading to a shear in longitudinal electron energy. Other ef- optical regime: a similir experiment (1] showed more critical
fects causing beam energy spread are finite beam emittance dependence on mirror alignment for 400 pm radiation.
[101, radial inhomogeneity of the undulator field, and coupling When we operated the equipment with mirrors removed, we

of palticle motion in' the undulator field to the electron found beam noise radiation (Fig. 6(a)], a small portion of
cyclotron frequency of the guide field (111. All these effects which is superradiant. Analysis of the spectral content, using a

are aggravated by increased pump amplitude. Direct mea- Fabry-Perot interferometer, showed a spectral width A,/X -

surement of beam energy spread has not been undertaken, but, 10 percent at X - X, - I mm. Addition of mirrors to the
in lieu of such measurements successful lasing, must be taken beam system extended the duration of the radiation to an ap-
as evidence of a sufficiently cold beam. preciable fraction of the pulse, and enhanced the total power

The laser will oscillate when beam gain exceeds the cavity output by roughly an order of magnitude [Fig. 6(b)]. The
losses. We present estimates of these cavity parameters, ob. spectral width of the radiation decreased to "1-2 percent with
tained from the data, in the next section. mirrorb ;n place, as was the case in a previous experiment [11.

Thus, quasi-optical feedback permits the development of a
IV. OPERATION OF THE FEL relatively strong, coherent component from the broad.band

As shown in Fig. 5, increased pump amplitude (BI) was ob- beam noise.
served to increase scattered power exponentially. However, For a quantitative understanding of the system, we have
multipass operation should yield exponentiating power in time, analyzed laser signals in terms of the reflection coefficients of
which is not always observed (see Fig. 6). One obstacle here the mirrors, diffraction and coupling losses, effective gain along
appears to be the requirement of constant y, not met by our the beam, and filling factor (see Figs. 7 and 8). The wave-
system. While increased Bi relaxes this requirement, it also length in Fig. 7(b) is X, - 0.6 mm, while that of Fig. 8(b) is
should broaden the oscillator bandwidth and increase the X, - 1.0 mm due to lower beam -t. We propose that the
beam energy spread. We found similar temporal behavior at power P(t) be given by the equation
various pump amplitudes, and no evidence of saturation. P(t) =fqP(t - 10 ns) cosh' (reffL) + (I - f)qP( - 10 ns)

The resonator cavity used in this experiment is neither in the (6)
free space or guided wave limiting regimes. Even though its
transverse dimensions are roughly forty times that of the scat- where f is the flling factor, q is the fraction of radiation sur-
tered wavelength, the cavity is not optical. This is because viving a roundtrip in the cavity, and cosh (reff L) is the single
diffraction is very large near the cathode and cathode mirror, pass amplification of signal in the cavity. Radiation trapped be-
which form sharp discontinuities in the cavity lateral dimen- tween the mirrors is thus expressed in terms of radiation pres.
sions. Also, the beam propagates only - 1-2 wavelengths from ent one bounce time (10 ns) earlier. The second term in the
the drift tube walls. Radiated power was not observed to de. equation represents radiation which does not interact with the
pend critically on precise mirror alignment. However, there is beam. In both cases, Figs. 7 and 8, we may distinguish several
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With these values q and f, we have solved (6) for I'.ffL. This
yields the two time dcpendent gain curves shown in Figs. 7(b)

(a) 10 and 8(b). Wi find that rPatL is a somewhat erratic function of
time, even during periods of apparent relative smoothness in

5 diode voltage. Irt Fig. 8(c) we find a 5 ns interval of stimulated
absorption (l.ffL < 0), which corresponds to an abrupt drop
in power as the diode voltage falls. We also note that, on theF average, rff is somewhat larger for the case of lower Y.

(b) 10 In both cases, we find rough agreement between calculation
of .L and theory. Equation (4) predicts rffL to be 1.0 for
-7=2.9, and 1.1 for 7=2.3, which compare with the average
respective values of 1.3 and 1.5 computed from experiment.
Equation (4) alsc shows that the gain per pass of the FEL

•'O5O -' should be linear in pump amplitude. Analysis of signals simi-
*.9ov lar to those shown in Figs. 7 and 8, but at reduced pump am-
-45ov plitude, shows that a reduction in pump amplitude by a factor
(c)i of 0.7 causes an experimental reduction in gain by a corre-

sponding factor.
20 60 o00 40 " Taking our experimental estimate of single-pass gain during

Fig. 7. Calculation of FeffL for -y a 2.9, X, 0.6 mm: (a) power ampli- lasing (rffL - 1.5), nd scaling this down by reducing the
tude, (b) reffL from (6), and (c) diode voltage. pump amplitude to the point where the system can just sustain

a constant power level built up during a prior interval (l'atL ""
1), we can check our estimate of fusing (6). We take P(t)IP

1 (t- 10 ns)- 1 and- q in the range of 0.6-0.7, and find f-
I [0.3-0.5, confirming our original estimate. To summarize, we

have found that our FEL oscillator is operating for at least five
(a) or more passes of radiation with a single.pass gain near the

threshold value (rfrL > 1) needed for sustained oscillation,
taking reasonable values for the cavity parameters f and q.
Lasing is observed during the diode pulse interval where the

r beam energy fluctuation is a minimum.
2ot [In order to make an absolute measurement of radiated

(b) power, we used a CH3F 497 an laser source to measure the
(b 1o insertion losses of the various elements Df our diagnostic
I system. The detectors were calibrated against a Molectron

2 P-300 pyroelectric element (this was calibrated with a Carcino-
6; tron source at I mm). We estimate the power radiated from

the cavity to be -106 W, corresponding to an intercavity
(c) " power of -l10 W. We have not been able to drive the laser

power to saturation owing to limitations imposed by electrical
insulation and structural strength of the undulator so we do

20 io oo 140 t not quote an efficiency of this device.

Fig. 8. Calculation of refL for - = 2.3, Xs 2 1.0 mm: (a) Note Added in hoof In connection with our observation
tude, (b) erfrL from (6), and (c) diode voltage, that reitL - I is the oscillation threshold of this FEL, it is

interesting to consider the coupled equations describing this
features of the cavity radiation, including erratic low level sig- system:
nals during the initial diode voltage ringing, periods of stimu-
lated emission and absorption, and the decay of radiation - - 1%
emitted from the cavity after the electron beam terminates. dz 2 2
The latter permits a calculation of q, the radiation survival frac- dEi +[ 1 '
tion, which is 0.6. Because of diffraction, we assume that - +-E- 2
radiation fills the cavity cross section in the annular interac- dz 2 E 2

tion region between the cathode and the wall of the drift tube. where E, and E, are proportional to the wave amplitudes of
Geometrically, f is the ratio of the area filled by the beam to the signal and idler, and c and ai are the corresponding damp.
the annular cross section, about 1. However, the rms scat- wg terms. The threshold for parametric oscillation accurs
tered field amplitude is not radially uniform, even in a highly when dldz - , or
overmoded cavity, so that this estimate of f could be low. We
begin by taking f"- . IT =
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We estimate %~ ft. the cavity radiation Ioss time (,r, T. C. Marsal was born in Cleveland, OH, on
l$-20 m)uiln$-a?,' lcre; a1 is related to the Landau damp- ~January 29, 1935. He received the Ph.D. de-

-'q Ie in physics from the University of Illinois,
ing time (L) by o a I/cTL. If the space charge wave wave- Urbana, in 1960.
length is twice the Debye wavelength (AK/K - 4 percent), the He is currently a Professor of Applied Physics

at Columbia University, New York, NY. In ad-plasma wave should damp in about ten plasma periods (2 ffhp), dition to research in free-electron lasers, he has
or "L 1 ns. TakingL - 50 cm, we fimd (L)T ~. undertaken research in intense relativistic beam

phenomena, plasma-wave scattering and insta-
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SECTION IB

Finite-Temperature Effects in Free-Electron Lasers
LUIS F. IBANEZ AND SHAYNE JOHNSTON

Abaree-The effect of energy spread on the gain of a denm-beam The formalism developed in [1] allows one in principle to
feelectron laser amplifier is analyzed. The formalism includes coIec- study this intermediate regime.
dye effects and allows for the use of an arbitrary distribution function. Our analysis starts by introducing a distribution function in
The dispersion relation is solved numerically. Besides broadening of
the --ectum and decrease in gin, lowering of the centr miuion the perturbed current from [11. The beam is assumed to be
frequ..acy with energy spread is observed, infinite in cross section and a wiggler with no radial depen-

An initial-value problem is formulated and numerically solved, with dence is considered. This approximation is justified for small
power computed as a function of distance. The relative contributions wiggler parameters (2]. The momentum integrals are analyt-
of the different modes when temperature changes are analyzed. In ically continued by adding Laodau type resonant terms. The
particular, the competing effects of a decrease in coupling lost with
temperature together with Landau damping ate investigated. distribution function alters the coupling of the slow space-

charge mode to one of the electromagnetic modes. The nu-
merical results show a mismatch between the coupled waves

I. INTRODUCTION which causes a decrease in the gain, together with a broadening

EAM qu.ality is a critica parameter in the Raman opera- of the spectrum which shifts towards lower frequencies. The
A qulti a critibea aramletronler I the ameain g modes are tracked at higher frequencies to search for other
ion of a dense.beam free-electron laser. If" the mediating possible growth mechanisms.

space-charge wave is Landau damped, the gain is severely We then examine the propagation of the radiation field and
reduced. Initial theoretical formulations distinguished between radiation power with distance. To this end, the differential
the Raman and Compton regimes of free-electron lasers by ex- equations governing the fields are solved numerically by La-
panding the potentials in the pump parameter and considering place transformation. By keeping the thermal terms, the de.
limiting cases. In (I], a formalism which incorporated poten. pendence of the mode coefficients on energy spread can be
tials which were valid to all orders of the pump was developed, studied. Only one mode grows while the other two are Landau
although transverse inhomogeneities [21 and thermal effects damped. Besides this mechanism, the power sharing of the
were not considered. Within this framework, the Raman regime growingBeode is ecuni s, tep ower sa ofduhe

Woud rie henve to f he oos f hediserio -- a growing mode is a function of temperature. There is a gradualwould arise whenever two of the roots of the dispersion rela- transition from a three-mode into a two-mode situation as
tion have imaginary parts, and the Compton regime mechanism temperature increases. This mechanism can alleviate the de-
Would be represented by spatial interference of the different crease in gain due to the mismatch between the two coupled
modes. In practice, both situations may arise and compete waves caused by the width of the distribution function.
With each other. There are beam qualities for which the spatial
interference could compete with a Landau damped growth. II. THEORY

-" Consider a beam of electrons described by a distribution
Manuscript received June 30, 1982; revised October 4, 1982. This function(, U' 0 satisfying the relativistic Vlasov equation

*ork was supported by the U.S. Office of Naval Research. af )The authors are with the Plasma Physics Laboratory, Columbia Uni- -+. - le + - X B =0 ()
vetsity. New York, NY 10027. at - " 7 '

0018-9197/83/0300-0339501.00 0 1983 IEEE
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where = 7V/C denotes dimensionless momentum, 7 = (I + Upon linearization, the Vlasov equation (4) can be written
u2)'/ 2 the usual relativistic factor, and m the electron rest
mas. Consider next an electromagnetic field depending only . + woI tf() (note I(i). ag 12)
on coordinates z and t; such a field can be described by vector at 7 8Z mc u 8u

and scalar potentials of the form where a superscript (1) denotes a perturbed quantity and we

A ,A.(z, t), *" 4'bz, t). (2) have introduced the unperturbed density no by writing

It follows that the two components of perpendicular canonical fo = no ('j)g0 (u). (13)
momentum

IA w (' Following Bernstein and Hirshfeld (I], we introduce a new set
-e* A in-- (3) of basis vectors which track the wiggler field,

2(z)- sin koZ +9 coskoz, (14)

are constants of the motion which we shall employ as new

coordinates to facilitate solution of the Vlasov equation (1). 2̂ (z) = -^ cos koz - sin koz, (15)
Under the transformation (L, ,u,Zt)-('j,u,z), (1) A (
simplifies to e3 m Z, (16)

and seek monochromatic solutions of the linearized Vlasov-
" ut 'L az Lc "p . = 0 (4) Maxwell equations corresponding to a perturbed electric field
t 8 Mc u u 0of the form

where P(1)(z, t) = Re !(z) exp (-it). (17)

.= (u2  
- ",7(Z, t)12) 1/ 2 , (5) The solution of the linearized Vlasov equation (12) can then

u A =U, + [R . - t)], (6) be written

and we have defined g.()(z, t) = g(0(o, t - Z/Vo)

t)(3t)- le-l,z, t). (7) + exp [-iw(t- z/Vo)] lel u,. ago
mc mCV 1 o u

In terms of these new variables, the current density 7 can be / Z
written X dz'exp a(Z')+ -2 (Z'  (18)

J(z, t) = -lelc fdu fdL : f (8) The perturbed current density J() can be written, upon Bn-
eanzation of (8) and for distribution functions of the form

where account has been taken of the Jacobian of the trans- (13), as
formation in the integrando

The equilibrium will now be specified more precisely as time e)=-noleic du [( +!o )g()
independent with zero electric field. We adopt the standard L\ VoZ
form for the helical wiggler field, neglecting any radial depen-
dence [2]. Thus, we consider the equilibrium potentials lbo = 0 + go) (19)
and \UOz If O

-ic 2  whereAo -- 2 cosz + sin koz). (9)
Si lel(20)

Finally, we assume that the electron beam is uniform in the mca)
transverse plane and that the electrons execute helical orbits
with energy-dependent amplitude a and constant axial velocity u(1) = _L e2 ". (21)
vo, in accordance with the relations coe

Expression (19), with g(l) replaced by (18), is now to be in-
vo = uo' serted into Maxwell's equations which take the form [I]

4=2uos - to ["cos (kovot + 0 ) + A sin (kov0 1 t+ €o)]. d' 1  - 4n2- -

We seek now to analyze the spatial evolution of small pertur- 1 T(

bations of this equilibrium state. a - (23)
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S , e3 components of these equations then yield, Z 4f uo + a)
respctively, C (k vo. - w)

&z f 4n lei fd u  0 (30)

2 a 4 f go, (24). This system can be written symbolically in the form

-~a + -k. \a 2) 1 1 (k) - (k) - (k) (31)
d Ca2  +2kd where 1(k) represents the 3 X 3 dispersion tensor of the equi-

d U 2o librium configuration and T(k) the initial perturbations at z = 0.
= a:-~fdf - (1+.) 0g The entries in the dispersion tensor R(k) can be identified

C 7Uos VU/ directly from the transformed equations (28)-(30). With the
i4A C4 L o. dgo z normalizations
+_ f duk kc _X=-, Xo k , P = , (32)

exp I-(z -zZ') +a(z)+ - a2(z')
Loz [a Vo ] we find the following:

i4 le !_ eo_. rxp o g(')(z 0),' C 4 rn0 .H Lek e ell -(x2 +x)- p du u(33)
(25) 0t 7U g

as ,u "A zd- exp - :i z e22 -(x2o+x')-p" u 0
4) J duJ f I*V to ox~ 02)~

U0

[a3 (z') + Y01aia2 (z')] (6 P u" 0-(4o(26) +p dU. d (y- x 0 )'(
where w. =f 41rnoe/m denotes the plasma frequency of the
beam. 10f Uo dgo

In the chosen helical coordinate system, the set of integro- e33 1 +PJ du - xuo.) du '(35)

differential equations (24)-(26) has constant coefficients and td

multiple integrals of convolution type, and so can be conve- e12 = -e2 '-2ixox, (36)
niently solved by the Laplace transformation in z: ft e3 = P d 1 dgo  (37)

(k) = dz e "'k a(z). (27)_j (7e 3 ' f:) du '
0 =e1 =0 (38)

The Laplace transformed versions of (24)-(26) are as follows: where u,,2 = (u2 - =o/s2 and y = (1 + u2 )s/2 . Note that the

(2 f u_ off-diagonal elements occur in pairs since the dispersion tensor"l . ~ 2 7110 -0 7 -2ko:-t o must be Hermitian for (wo,k) real and in the absence of dis-

/ : c Uf sipation to resonant particles.

Sa'(O) + ika2 (O) - 2koa2 (0), (28) Finally, the entries in the inital perturbation vector are as
follows:

2

Ik2 + a2W d C2

- C .C 2 ii + 2ikkoit , 7Uoz It (k) = W [ikn i (0) + a, (0) - 2koa2 (0)], (39)

go ud o 12 (k) = c[ia 2 (0) + a'2() + 2k.at (0)]
V1+-i-) :o-7., du (kvo, - w) 4.2

(i + o o du 0), '
= 41, ) leinfduIUeVol f du4,, = 0 )' (40)

C 7 uo, (ku,, - 13(k) = 4 n lel c " du El _ g( )( z== ) . (4 1)

+a'2(0) + ika2(0) + 2koa,(O), (29) W) J t , ") (
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I1. THE DISPERSION RELATION |
The dispersion relation det e(k) = 0 can be written (42)

e3 3Q(X)m"e1se 11  (42) Rex

where -2000

Q(x) el Ie22 + 12 . (43)

There are six roots which, when uncoupled, correspond to two -,o0e
space.charge waves (e33 = 0) and to two backward and two
forward propagating electromagnetic waves (Q = 0). Q(x),
save terms proportional to p2, can be approximated by

Q(x) A, [1 - (X2 + x2)P - 4X2 x, (44)

which has the four roots
10 ;os 110 I15 120

xf-I ±xo, x l ±x'. (45) x

The longitudinal factor e33 can be written e33  (1 + p2 y, Fig. 1. Reil part of longitudinal susceptibility (Rex) versus index of re-

where X denotes the susceptibility function faction (x). Wp u 5.027 X 1010 rad/s, k o = 5.027 cm- , Jo = 0.058,
t z2.5,B=0. -am 1 percent, --- a =2 percent,-.-. an 10
percent.

x(x) =fdu u dgo (46)
x(,v (yv - xu,,) du (46

:-X
For a Gaussian distribution, X is shown in Figs. I and 2, where 40001-

A denotes the standard deviation of go(u). Qualitatively, r
X has features similar to those of the usual plasma dispersion 2ooofunction.L."

The dispersion relation (42) was solved numerically for the -

following parameters: cwp = 5.026 X 1010 rad/s, to =0.058, - 00'-

ko = 5.027 cm-1, -t = 2.5, and several values of the energy
spread A. An initial frequency w was given as an input and the -4o0o

real and imaginary parts of the wave vector k were calculated. -60001-
The energy integrals appearing in i(k) were analytically con- -

tinued in the sense of Landau whenever Im k > 0. For x real I
andx>1,wehave 0 L0 1 090 0107 t7 o e 188 tos0 t

Re(x)- r du dg + ('+xu02 ) Fig. 2. Imaginary part of longitudinal susceptibility (Im x) versus index
2uresx - 1) I du (u - ues) of refraction (x). - a = 1 percent. - - - =percent, - . -. a= 5

ft" percent.

f du ago (y + xuo.)] (47) when uncoupled, the dispersion relation

-jdu du (u+u,,1 ) ( ,'opt.+,: = -  ± f (A) (50)
lm Xx = T - qX-o (I'to

2u.s (x' - 1) du U (7 +" uz) e where f is an increasing function of momentum spread which
goes to zero at A = 0 and Uo.O is the central parallel velocity.

(48) From (45), the uncoupled forward electromagnetic waves sat-

where isfy approximately

1 Xem = 1 ±Xo. (51)
SL (X2  ) (49) Therefore, the coupling occurs at lower frequency and the

spectrum broadens as a increases.
The first term on the right.hand side of (49) is the dominant When the slow space.charge wave couples to en+, we note
one. the following:

It is illustrative to compare solutions to the dispersion rela- I) The roots corresponding to the two coupled waves are no
tion for the thermal and cold beam cases. In both cases, there longer complex conjugates since the dispersion relation is no
are six roots. The significant difference between them is that longer a sixth order polynomial.
the space-charge wave roots become more separated and Lan- 2) The real parts of the coupled roots are shifted and the
dau damped. The indexes of refraction for both waves satisfy, growth rate is diminished due to Landau damping.
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Fig. 3. Spatial growth rate versus angular frequency.

S06

0
05 OS52

04 l

~03 50

02 49

; .01 4 >

1% 2% 3% 4% 5%

(MOMENTUM SPREAOI

Fig. 4. Maximum spatial growth rate (left axis) and wave vector at central frequency (right axis) versus momentum
spread ,.

3) The shift of the real parts is minimum at the frequency SPAIAL OAMPNG ATE
corresponding to the highest growth rate. vs FREQUENCY

The spatial growth rate as a function of frequency is shown o.6 A -
in Fig. 3. The spectrum shifts towards lower frequencies when .02,

A increases. At about a 2 percent spread, it starts to develop o0511
a tail. Both the maximum growth rate and its corresponding 4 o

wave vector decrease with A (Fig. 4); for a spread of 5 percent,
k. at maximum decreases by about 10 percent.

It is instructive to track how the two space-charge waves and
the two electromagnetic waves interact with the distribution 02

function. One electromagnetic wave couples to the negative-
energy space-charge wave while they interact with electrons in
the region of positive slope of the distribution function. How.
ever, the growth rate diminishes due to the fact that the slow 0 , L. '

space-charge wave has negative energy. This can be observed 010-, 3.10", s5o1, 7.10,

numerically since FREOUENCY IN t.se

Fig. 5. Spatial damping rate of one coupled mode (curve with two

x .c (uph -u.) (52) maxima) and the fast space-charge mode (curve with only one maxi-
_.(_-_(52) mum) versus angular frequency. A a 2 percent.

waves are Landau damped (Fig. 5). At a spread of about 2
and so sign (Ax/Aw)= sign (uph - ug). percent, there is a small bump in the damping rate for the

At :4rger frequencies, once the em+ wave and the negative, damped coupled mode. For frequencies for which there is a
energy slow space-charge wave have coupled, both space-charge tail in the growth rate . of the modes, the damping of
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the other modc does not go monotonically to zero, but instead
it goes through a local minimum and then continues growing. o.5 as

There is no other region of coupling; at larger frequencies the 04- as

emn+ wave crosses over the positive energy space-charge wave
without coupling. 03

, IV. INITIAL-VALUE PROBLEM 0.2

Consider next the inversion of the Laplace transformation 0.1
according to the relation

;() fdkd e af (k) (53)
2r' c Fig. 6. Mode coefficients versus momentum spread at central emission

frequency. B3 uncoupled electromagnetic modes, Bs, B6 coupled
%here C denotes the usual Bromwich contour below all the modes.
singularities of (k). Now from (31), we have

d(k) -[(k)]' *1(k) (54) g0) (z = 0). It is assumed in this work that g(1)(z = 0) = 0. It is
possible, however, to treat some design features by means of

where we can write this perturbation, such as the extra perpendicular energy

Q(k) spread due to nonadiabaticity at the entrance to the wiggler
(k) (55) region.

The fast space-charge wave has negligible amplitude (B4 t 0).

with Q(k) the cofactor tensor for -e and D(k) = der 7(k). When temperature increases, B3 (uncoupled electromagnetic
Employing the Residue Theorem to evaluate the integral (53), mode) remains close to 0.5, but B6 progressively increases,
we find the superposition of modes approaching 0.5, whereas Bs approaches zero (see Fig. 6).

6 Q ki) I (l) ll zFrom 
(58), we haveQk ( i).k ek (56) 4ie(,,211 +eI, )(

dk i dD/dk k1 (59)

where

where (k,... , k6 ) denote the six zeros of D(k). In particu. wher(

lar, we have dD= de" Q
6A dk dkd~o

a2(z) = i z B1eI l  (57) for small pump parameters to. Thus, for the fast space.charge
/" twavex 4 , e33 (x 4)- 0 and so

where

= Q , B4 Z iC3 3 (e1 2I 1 + 61 1 1 2 ) I 0. (61)
S (kj)l(k"(58) Qde 33fdk 1k,
l-t k1 For x3 , eliminating a'(0) and a2(0) and substituting, we find

Recall that expressions for the initial perturbations 7(k) at B3 t *(1211 +1. e 11 1 2 ) A 1
z = 0 are given by (39)-(41).. dQ/dk k, 2(

In order to model an amplifier experiment, it is assumed that save terms of order p2 .
the two backward-propagating electromagnetic modes have In the cold beam limit in the complex roots regime, Bs and
zero amplitude. As pointed out by Bernstein and Hirshfield, B6 are complex conjugates; then, Re B5 = Re B6 = 0.25. For
these conditions (BI = 0 and B2 = 0) can serve to determine both roots, e33 - 0 but also Q - 0 and so B5 and B6 remain
a'1(0) and a2(0) in terms of al(0) and a2 (0). In this work, the finite. In a thermal beam, there is a mismatch between the
polarization of the incident wave was chosen as a,(0) = 0 and roots and one tends to satisfy e33 : 0 but not Q f 0 and vice
a2 (0) = 1. We assume here that the amplitude of the incident versa. Consequently, one amplitude approaches zero and the
radiation field dominates any fluctuation fields present at z = 0 other 0.5 (Fig. 6).
although such effects can readily be accommodated in the Fig. 6 shows how the situation evolves from a three.mode
formalism, process into a two.mode one when the temperature increases. It

The expression (57) was evaluated numerically for different is not that both space-charge waves become Landau damped,
momentum spreads A and for the same set of parameter values but rather that they start with a very small amplitude at the
employed in the solution of the dispersion relation. For the entrance of the interaction region when the temperature is
root with an imaginary part greater than zero, the momentum significant. Fig. 7 shows the inverse of the coupling loss as
integral was analytically continued by adding the residue at function of momentum spread. For values of A less than
the pole. The formalism allows for the use of an arbitrary 2 percent, there is a small increase when the roots become
perturbation function at the entrance of the interaction region slightly more separated. For values greater than 2 percent, it
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Fig. 8. Power gain versus momentum spread at 100 wiggler wavelengths.
The power gain is defined as the electromagnetic power at distance Fig. 10. Power gain versus initial frequency.
z, divided by the electromagnetic power at the entrance of the inter-
action region, about 4-100 wiggler wavelengths for a momentum spread

of 2 percent.
decreases monotonically. It is thus possible to extend the The rddiation power oscillates as a function of distance due
region of permissible temperatures for a free-electron laser by to spatial interference of the competing modes. At the fre-
recognizing that the decrease in the coupling loss can com- quency corresponding to the central emission, these oscilla.
pensate for the Landau damping. This regime would be an tions become milder when the momentum spread increases
intermediate one between Compton aid Raman operations (Fig. 9). There is a characteristic length at which finite tem-
(Fig. 8). It should be bime in mind that our linearized per- perature effects are importar.., it is given approximately by
turbation theory becomes invalid when the gain is sufficiently 1, = u0(21r/kOA). At distances smaller than I&, the amplitude
great that nonlinear effects become important. Our results for of the power oscillations is such that the cold and thermal
100 wiggler lengths, for example, should be considered within beam cases are indistinguishable. In Fig. 9, the power at 50
the limitations of linear theory. wiggler wavelengths corresponding to a momentum spread of

As was the case for the cold beam analyzed in [1 , the longi- 2 percent can be distinguished from the cold beam case, but
tudinal component of the electric field is orders of magnitude the distinction between the cold beam and the A = 1 percent
lower than the transverse ones. Outside the frequency range beam is not possible. However, at 100 wiggler wavelengths,
for which there are complex conjugate roots, the gain due to the difference between the cold and the A = 2 percent beams
pure spatial interference of the modes was only a factor of is clear (Fig. 10).
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V. CONCLUSIONS [2) P. Dilament, "Electron orbits and stability in realizable and untel.
izable wigglers of free electron lasers," Phys. Rev. A, voL 23,-p.

We have used the formalism initially developed in (11 for 2S37,1991.

the free.electron laser without guide magnetic field and have
extended it by considering a thermal beam and analytically
continuing the momentum integrals. The momentum spread
of the beam causes a mismatch between the coupling waves
which, in turn, causes reduction of the growth rate, broadening j. lbmne received the Licencitura in

of the spectrum, and lowering of the central emission fre. phyis fr n ived Compluteneiaridphysics from Univehidad Complutense, Madrid,

quency with momentum spread. Spain, and the M.Sc. degree in nuclear engineer.
In the amplifier formulation, the temperature effects become ing from the University of Florida, Gainesville.

noticeable at distances greater than 1,, and only three modes He is currently a doctoral candidate in plasma
forieb a ll momentmsspread .A a ncre there os physics at Columbia University, New York, NY.

propagate for small momentum spreads. As A increases, there His current interests are free-electron lasers

is a gradual transition from a three.mode to a two-mode situa- - and MHD theory.

tion with an intermediate region where the decrease in coupling
loss can compensate for Landau damping.
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A Free Electron Laser Oscillator Based on a
Cyclotron-Undulator Interaction

ARTHUR A. GROSSMAN AND T. C. MARSHALL

Abitract-A free electron laser (FEL) oscillator experiment is de- Axial bunching from the Weibel instability, which results from
cribed, in which an intense electron beam (750 kW, 20 kA) is prepared velocity space anisotropy, can occur concurrently. In general,

in a region of increasing guide magnetic field before injection into an
undulator (60 periods, 0= 1.25 cm). The electron motion accordingly the two instabilities are strongy coupled together. However,
has a substantial transverse component (u.Lw 0.4), and motion at the it has been shown that azimuthal bunching dominates the fast
cyclotron (w. = eBo1 mc) and undulator (koV.) frequencies occurs, waves, while axial bunching dominates the slow ones [3].
Theory predicts, in appropriate geometry, a convectively unstable elec. With the introduction of an undulator in the system, this
tromagnetic wave having frequency os " 2Z4 (',,¢ +k V.), where

: I( - #2)-1/2, of the FEL type, where ko =2n/10. Megawatt level picture of the electromagnetic emission becomes rather more
radiation at 1.7 mm, together with millimeter-harmonics and other complicated. This is due largely to the orbits in the combined
microwave emission, is observed in a simple Fabry-Perot resonator fields, which are in general quite different from the simple
system driven above oscillation threshold by a sufficiently large undula- helices executed in uniform fields. However, under certain
tor field amplitude. Comparison of spectroscopic data with features of limiting conditions of these combined fields, one may recover
the theory permits identification of the cyclotron-undulator interaction, approximately helical orbits. In Section II of this paper we

briefly review a theory of the cyclotron-undulator interaction
I. INTRODUCTION which uses an especially simple orbit which appears appropriate

T HE Raman free electron laser is based on stimulated back- for our experiment.

scattering of radiation from a cold intense relativistic In Sections III and IV we present new experimental results
electron beam traversing a region of superimposed uniform with the system configured as a multipass laser oscillator.
guide and periodic. undulator fields (1]. Thermal spreads Dependences of the emission on undulator field strength and
among the beam electrons can seriously degrade the perfor- guide magnetic field are presented. We find the fast positive
amnghe beaamanfre electron aseruy erae the pore energy cyclotron-undulator interaction can account for the
mance of a Raman free electron laser because the collective emission at millimeter wavelengths. Studie. of the long wave.
electrostatic mode suffers from Landau damping. length emission in the X and 2 cm miclowave bands are

Recently, we demonstrated that an intense beam of spiraling presented. An interesting correlation is found between the
electrons with large initial transverse velocities can support 2 cm band emission and the millimeter wavelength emission.
stimulated emission as a free electron laser oscillator at milli-
meter wavelengths [2]. One would not expect Raman emis- II. REVIEW OF THEORETICAL ANALYSIS
sion from this device, because the method of imparting a sub-
stantial component of velo.2ity transverse to the predominantly I rvosppr[]w oee h ylto-nuaoaxial drift of the beam also tends to imprt thermal spread to instability using linear kinetic theory in parallel plate wave.the beam. This observation strongly suggests that another guide geometry, following the model of Ott and Manheimerprocess besides stimulated Raman scattering is at work here. [4]. The beam propagates along the Z-direction, with infiniteThsewprocess inlted Ran ecteragtis aork earg conducting surfaces in the Y-Z plane, located at x = ±a. Nu-
This new process involves an electromagnetic mode featuring nierical solution [5] for the otbits of the electrons in the
a cyclotron-undulator interaction. Although an electromag- external guide and "realizable" helical undulator fields indi-
netic process such as cyclotron emission is best exploited with cate the unperturbed orbits are (see Fig. 1)
a cold bearr,, the requirements on the beam thermal spread are
less stringent than in the Raman case. =

Cyclotron emission from electrons gyrating in a uniform V 1 cos .ct + Vw cos ko Vt
magnetic field alone has been the subject of intense research y, = V.1 sin wt + V. sin k, V. t
activities in connection with the :ecent development of the V = V(I)
gyrotron or cyclotron maser, which is an impressive source
of high power short wavelength microwaves. In the cyclotron provided V, << V1 << V. and B0 >> B,, where ko = 21r/lo is
maser instability, azimuthal bunching occurs as a consequence the wavenumber for the undiilator with periodicity 10, and we
of the relativistic dependence of the cyclotron frequency. model the quiver velocity of electrons in the undulator by

Vw = (f2oV.)(, - k, V;.) where w, = IeBo/mcl is the cy.
Manuscript received June 27. 1982; revised September 23, 1982. clotroa frequency of the guide field and fo = leBw/Tmc 1 is

This work was supportcd by grants from the U.S. Air Force Otfice of the undulator cyclotron frequency. B, is the amplitude of
Scientific Research and the U.S. Off-ce of Naval Research.

The authors are with the Plasma Physics Laboratory, Columbia Uni- the undulator field transverse component measured at the
versity, New York, NY 10027. location of the thin electron beam.
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Solving the dispersion relation for small perturbations
about this frequency yields a growth rate which scales as
[wp V, V.,, k,] 2/ and is given by

=1 ry (WPW kko 2U]/3

IM O)± (w.Lco (+ k,,P) (.k2 - i) du21/
wa(5)

provided we are much above the threshold given by

Idu I> (312k. V.) -s 2 (f I o . (6)

koV: Since I;a (8o) -- 0 when kr-- 0, this interaction is not ex-

pected to occur for a purely transverse electromagnetic wave.
However, McMullin and Bekefi [6] have found an interaction

L with frequency given by (4) but different growth rate that
FREUUENCY- can occur with a purely transverse scattered wave, provided

Fig. 1. Fourier amplitude of a transverse component of electron veloc- the undulator field is purely longitudinal.
ity computed in combined undulator aad uniform magnetic fields
versus frequency, showing prominent components at the cyclotron III. EXPERIMENTAL APPARATUS
(w,) and undulator (KV..) frequencies. Beam energy, 600 kV;
1, = 12.5 mm,B 0  10 kG. The intense relativistic electron beam used in the Columbia

free electron laser experiments is generated by a Physics Inter.

For a cold beam consisting of particles with momenta paral- national 220G electron accelerator. A 10 ki Marx generator
lel (P.) and transverse (PI) to the guide magnetic field, the charges a 75 ns, 20 S1 coaxial pulse-forming line to a typical
dispersion relation for the TEO, mode was found [2] by inte- peak voltage of 2 MV. A variable impedance matching radial
grating the Vlasov-Maxwell equations along the unperturbed disk resistor enables a flattop voltage to be obtained with dura-
orbit to be tion between 120 and 150 ns. When the pulse-forming line is

fully charged to peak voltage, an untriggered SF6 switch is
-. (Ic2 4-k)2+]: - 1 . .... 3B,t used to transfer energy directly to vacuum diode. The 20 kA,W-" ,' U'R )m/ t7 'P 600-800 kV annular beam (field-emitted from a graphite

cathode) has a 4 cm diameter and a thickness of 1-2 mm, and
+'k.1 aBnt, B,, P. propagates through a drift tube with ID 4.7 cm. The inter-

7m J + (R,)" yin 2  action region consists of a 60 period pulsed bifilar helical
undulator with adiabatic transitions (field taper) at each end;

* k(k + 1k.) - (2 (2) its transverse field is variable up to 1.3 kG and the spatial
c jC2] periodicity is fixed at 12.5 mm. This field is superimposed on

a uniform guide field which can be varied independently up to
where B,,, fd[ e (d) J (u)+ ko (Pz/in)4 11(d)'u4 (u)' 1 kG, although the beam equilibrium ccndition requires a
and R,, =[w - (k + 1k.) V - nWo] ,d = k,.L ./c,u = kVw/ minimum field of 8 kG.
koV,, k = r.r/2a, r is an integer. J,,, denotes the mth order The field compression technique was used to generate a
Bessel function and primes denote differentiation with respect beam with appreciable transverse motion. The graphite cath.
to the argument. ode with an aluminum mirror insert is located in the fringe

For instability to occur, the resonant denominator should magnetic field (Fig. 2) zone of a long solenoid. Electrons are
vanish: R,,, - 0. Eliminating wave number k by requiring the adiabatically guided into the drift tube along convergent field
lowest order real part of the frequency to satisfy the vacuum lines. As B. increases downstream, we expect the transverse
relation W2 = (k2 + k2 )c' gives two intersections of the wave- velocity O.L to increase and the beam radius RB to decrease
guide mode with the beam cyclotron wave for the real part of according to
the n, Ith frequency component at which growth may occur:

=2(1kV+, [I L ftR , _ -(7)
where where the subscript k denotes the value at the cathode. Since

1 I kpc 12 the electrons are emitted at the cathode in crossed magnetic
o = -1 k (1ko V. +no,)j J " and electric fields,

Consider the Doppler upshifted, upper intersection, convective 01A = 3.3 . 10-6 Elk (8)
case (+ sign) of the fundamental mode n = I = I and a - 1. Bok

The approximate real frequency for this mode is thtn simply For Ek = 0.5 MV/cm, Bok = 5 kG, and B0 
= 10 kG, we cal-

C, = 27ys (ko V, + wc). (4) culate P. = 0.4. For 2 Rk = 5.8 cm, we calculate 2R,9 = 4.0
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SOLENOID DRIFT W

IO IODE RAOIATION (a)

MIRROR I UNDULATOR MIRROR

I . . .

I

10 . I

5 J (b)

Fil. 2. The FEL oscillator system. The mirror at the cathode is a pol-
ished aluminum plate inserted into the graphite cathode (diameter
5.8 cm). The distance between the cathode and the anode mirror is
about 150 cm. TIME

FEL ANODE MICROWAVE i x 3rmm)
MIRROR REFLECTOR (C)

t
2.5 cm Fig. 4. (a) Diode voltage waveform (800 kV). (b) Radiation at . 1.6

*PIPE mm when both mirrors are in place and aligned. 20 mV/div., vertical
DAGNOSTICS RN (c) Radiation at X a 1.6 mm when anode mirror is replaced by a thinpolyethylene window; scale, 50 ns/div., arrow indicates t a 0 on each

photo. S mV/div., vertical.
OSCILLOSCOPE'S

0;T cmO 2 Spectral analysis of the scattered radiation can be performed
with either a Fabry-Perot interferometer or a calibrated grating

2m ,. spectrometer. The detector is a point-contacted GaAs Schottky
DETECTOR barrier diode mounted in a WR/5 waveguide.

Microwaves in the 2 cm and X bands were simultaneously

detected with a completely separate detection system. An
X band standard gain horn was located immediately below the
quartz output coupler. Attenuation consisted of a sheet of

GRATING N eccosorb which completely covered the horn and a series of
SPECTROMETER mm HORN four standard calibrated attenuators. Either an X band diode

detector or a 2 cm band diode detector and transition section
SHIELDED ROOM could be used.

Fig. 3. Arrangement of diagnostics, showing the millimeter
spectrometer. IV. EXPERIMENTAL RESULTS

Spectral analysis of the emission with wavelength in the
cm, which agrees with the value determined experimentally range of 1-2.5 mm (120-300 GHz) is made with a calibrated
from graphite "witness plates." The value of 0,L is found to be grating spectrometer. Relatively coherent [Fig. 4(b)] narrow
compatible with the value of 0: inferred from measurements bandwidth emission is observed when the anode mirror is in
with thermal sensitive paper, using the total beam energy in- place [2]. A relatively crude alignment of the anode and
ferred from the diode voltage. Numerical simulation [71 of cathode mirrors is adequate at this wavelength. However,
the electron motion in this field compression geometry indi- replacing the aluminized quartz anode mirror with an uncoated
cates an axial velocity spread of at least 4 percent and a trans- polyethylene window causes the coherent emission to vanish,
verse velocity spread of at least 10 percent. leaving only the broad-band emission from the initial and oc.

Radiation emerging from this oscillator configuration is casionally final diode voltage transients [Fig. 4(c)]. For -t = 2.4,
coupled out through a vacuum window which consists of P.t = 0.4, 0, = 0.8, k, V, = 27r(20 GHz), w, = 2n(12 GHz), we
aluminum coated z-cut quartz with a 2 cm aperture, mounted find from (4) that w, = 2n(I 60 GHz), or X, = 1.8 mm. As
on vacuum bellows, so as to permit alignment parallel to the seen from Fig. 5, the theoretical frequency agrees quite well
cathode mirror. The radiation is passed through several high- with the experimental observations. The reduction in band.
pass filters (X < 3 mm) and is transmitted along 7 m of a 2.5 cm width at, the higher energy may be due to improved beam
diameter brass pipe into a shielded room (Fig. 3). quality. Increasing the undulator strength causes the spectrum
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Fig. 6. Dependence ot millimeter power X 1.8 mm upon undulator
field amplitude. Upper (dashed) curve: FEL oscillator, power about

- / 75 ns after t a 0 (see Fig. 4(b)]. Lower curve (solid): FEL oscillator,.
power shortly after t a 0.

old very little radiation is detected. As the undulator field
o, 10 1 , 2 .4 6 s .0 strength is increased above threshold, the power level jumps

€... to a higher level, and remains relatively constant as the un-
Fig. 5. FEL power versus wavelength at two values of diode voltage dulator field strength is increased still further. This saturation

VD. The point marked "harmonic" is the location of the I a 1, n a 2

mode from (3). Data points have been adjusted for detector response. effect may be caused by harmonic production (Fig. 5). In
constrast, radiation resulting from the initial voltage transient

to broaden and harmonics to appear, an example of which is during the first 20 ns [see Fig. 4(b) or 4(c) does not have a
the one at 1.2 mm shown in Fig. 5 which agrees with the I = I, threshold, but instead grows steadily with increasing undulator
n = 2 upper frequency of (3). Increasing the beam energy, or strength: this radiation is incoherent [21 and occurs before the
the guiding magnetic field, causes a decrease in wavelength, FEL oscillation is well established. For zero undulatorstrength,
as predicted by (4). no millimeter wave signals were detected.

In a typical signal, such as that shown in Fig. 4, the beam The FEL output power as a function of the guide magnetic
noise level, Fig. 4(c), is estimated to be between I and 10 kW. fteld for constant undulator strength is plotted in Fig. 7. As
The laser signal [Fig. 4(b)] is about 100 times larger, that is, the guide field increased, total power increases, and the co-
between 100 kW and I MW. Since it takes about 70 ns or herent radiation appears earlier in the pulse. However, the
7 bounces of the radiation inside the laser cavity for the laser threshold in the undulator field strength appears to increase
signal to build up out of the noise, we conclude that the power with increasing guide magnetic field.
gain per bounce is about 2. This should be equal to the prod- A separate waveguide system is used to detect long wave.
uct of the power survival per pass q, times the signal gain per length microwaves. Emission in the 2 cm band can arise from
pass squared: the lower intersection of either the n = 1, 1 = I fundamental

mode or the n = 2, 1 = I harmonic. Radiation in the 2 cm
q (exp PTL) - 2 (9) band correlates with emission from the upper intersection at

where L is the length of the unduiator and rT is the threshold millimeter wavelengths (see Fig. 8). Except for the emission
spatial growth coefficient for FEL oscillation. Since it takes from the initial transient, radiation from 2 cm band wavelengths
about 20 ns or 2 bounce times for the radiation to drain out occurs after the peak emission in millimeter radiation. This
of the cavity, we estimate q = 0.5, which gives observation suggests that the instabilities producing radiation

at each intersection interact competitively, with the low.
rTL = Im (8T)" 1. (10) frequency emission disrupting the high.frequency process.

c The 2 cm banli ericsion has many of the characteristics of

This estimate of the growth is close to the theoretical predic- its millimeter wave countepart. It exhibits a threshold effect
tion of(5), taking 0. = 0.1 and 0± = 0.5. at about the same level in .he undulator strength, and similar

The FEL oscillator radiation exhibits a sharp threshold in dependences on the guide magnetic field. As with the milli.
the undulator strength, as shown in Fig. 6. Below this thresh- meter waves; t2i.. 2 cm f.yr:d emission can be made to vanish
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4 .0 with this undulator is much smaller thn the longer period
60 n oWfV undulator, and we were unable to drive the n = ,/ a I mini-

d/ meter mode above threshold in the FEL oscillator. Relatively50 high-power broadband superradiant noise radiation extending
/ t throughout the entire millimeter wave spectrum was observed,

40 - 3, MICRO-WAVES however. We found that tapering the ripple -field at the front
• o .-.--- -'- .o / \end of this undulator substantially reduced this broadband

-0 / radiation. We note that an 1, u 8.5 mm undulator was used to
drive a Raman FEL oscillator unstable in a previous experi-

"0 - ment [81, and so it is clear that the Raman FEL device can
20 operate at a lower pump.field oscillation threshold, because

the reasonator properties [8] were very similar to those used0C in this experiment. This shows that the FEL radiation in this

experiment is not due to the Raman mechanism.

Ias 9 I 101 o. 113 V. SUMMARY AND CONCLUSIONS
S. KG Experiments were carried out with a free electron laser oscil-

Fig. 7. Dashed line: dependence of peak millimeter power from the lator based on a cyclotron-undulator interaction; this requires
FEL upon guiding magnetic field strength; solid line: dependence of a large initial transverse electron velocity before entry into an
X band microwaves (, 3 cm) upon Bo . alagintatrnvreeetovlctybfeetyitonundulator. With an undulator of pitch 12.5 mm, relatively

narrow-band radiation was observed at a wavelength near 1.7
mm, corresponding to the double Doppler upshifted sum of
the undulator and cyclotron frequencies. Measurements of the

(a) growth rate and the radiation threshold in the undulator field
strength appeared consistent with a linear kinetic theory of the
cyclotron-undulator interaction. A weaker harmonic predicted

,D by theory was observed at 1.2 mm. We also observed radiation
I t , I 'in the 2 cm and X microwave binds which could be accounted

for by the lower intersection of the modifiqd cyclotron wave
with the waveguide dispersion curve. The 2 cm band radiation
correlated with the millimeter radiation from the upper inter-
section and appeared at a time of saturated or declining FEL
millimeter emission. The appearance of many different modes

I I A of oscillation and harmonics.can be expected of a device using
(c) electrons with large Larmor radius, and special resonant struc-

tures would be required to suppress undesirable modes of
Fig. 8. (a) Diode .voltage waveform, time scale 50 ns/div. (b) Mill- oscillation.

meter wave power versus time, X - 1.6 mm. (c) Microwave power
versus time, X ft 2 cm. Signals (a), (b), and (c) are for the same shot. ACKNOWLEDGMENT
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SECTION III
A new millimeter free electron laser using a relativistic beam with spiraling
electrons

A. Grossman, T. C. Marshall, and S. P. Schlesinger
Plaua Physics Laboratory Columbia Unluenity, New York, New York 10027

(Received 1 October 1981; accepted 20 September 1982) '

For a dense, relativistic beam of spiraling electrons passing along a magnetic field Bo and through
an undulator, it is demonstrated theoretically and experimentally that radiation will occur at
frequency w, given by w, =(w, + 21rVM/lo)(l - V/c)-', where W, = leBodmcl is the electron
gyrofrequency, to is the undulator period, y is the relativistic factor, rw [ I - (y2 IC2)

- (YV/¢c)] - 1, I and V, are the electron velocity components parallel and transverse to the
guiding magnetic field Bo. Two experiments are described, one of which is in a practical oscillator
configuration. Substantial power is emitted having wavelength 1.5 mm.

I. INTRODUCTION In the following, we present experimental confirmation
In a free electron laser, (FEL) a pump wave is back- that an intense relativistic beam of spiraling electrons will

scattered via stimulated emission from the "free" electrons generate a band of unstable frequencies in the general range
of a relativistic beam. A relativistic double Doppler shift given by Eq. (1); however, more significintly, the addition of
permits operation at short wavelength. In the Raman free an undulator to the beam system-which operates originally
electron laser '- the beam is intense and cold, so that the below oscillation threshold-will result in a new spectrum of
collective plasma mode is excited on the beam; the pump-a shorter wavelengths controlled by the undulator period (1o)
periodic magnetostatic undulation of the strong guiding and amplitude according to a modified relation:
field-and the backscattered electromagnetic wave drive the w, .-24 *: + ao), (2)
negative energy beam space charge wave, which grows for where awo = 27r Vl /1. In Sec. II we briefly present a calcula-
many plasma periods along the "undulator." In this paper tion wherein tie orbit of an electron [kinetic energy
we turn our attention to a new FEL that also involves the (-y - 1)mc is represented in terms of the initial #, the guid-
double Doppler shift effect and the undulator, but now the ing field, iThe undulator period (1), and amplitude (B.). In the
positive energy cyclotron mode is excited by a substantial experimental section (Sec. IV) we present data from two dis.
component of electron transverse energy provided before the tinct experimental configurations which generate the modi-beam enters the undulator3 ic xeietlcniuatoswihgnrt h oi

e egn bye cndering efied Doppler-shifted cyclotron radiation; one configurationWe begin by considering electron beam systems which operates in the superluminescent mode and the other oper-
prepare a beam of spiraling but relatively cold electrons in ates as an oscillator.
the guiding magnetic field (BO). These have been studied
theoretically by Ott and Manheimer,4 Hirshfield, Chu and
Kainer 5 and recently by Vomvuridis and Sprangle.' In Ref. 6 II. THEORY
it is concluded that the Doppler-s tifted cyclotron mode is The stimulated emission of radiation which occurs
unstable, if vL/c--f]  l/y (v, is the component of motion when a spiraling relativistic electron beam traverses a region
perpendicular to Bo), and should result in radiation with fre- of spatially periodic magnetic field is modeled here in the
quency given according to the relation: framework of kinetic theory. The experimentally observable

oJ, 22 (}, (1) quanitites, the frequency and growth rate, are solutions of
I P2the dispersion relation obtained by solving the collisionless

where y'- -(-L/c- vj/c:) -
112, y ---(1-uv /c2) - ' *

,  Boltzmann equation for the source current which appears in
w, = [eBo/mcr,!. Reference 5 presents a calculation show- the Maxwell wave equation. In a linear analysis, the solution
ing that the growth rate and range of unstable frequencies is to the collisionless Boltzmann equation may be found by an
reduced as the beam energy spread is enhanced. The growth integration along the single particle orbits in the externally
rate for this convective instability scales roughly asfJ, (., and applied magnetic field. For the free electron laser these ex-
there is a threshold #,L for growth.4 In Ref. 6 it is proposed ternal fields typically consist of a uniform axial guide field
that the beam system should be enclosed in an open-moded and a transverse helical um,,lator field:
resonator-a strategy adopted in the first Raman device-B
with one of the prime benefits being a discrimination against B = B1  + B,(cos k@..i + sin ko,.). (3)
off-axis, higher order modes. (Note, however that we are not Numerical solution of the equations of motion' for an
dealing with the mechanism of the cyclotron maser, "gyro- electron in this field as well as for a similar field which in-
tron.") It should also be noted that Ride and Colson 7 have cludes the radial gradient associated with the actual undula-
considered similar techniques adapted to a very short wave- tor field, produces orbits which are approximately helical
length free electron laser. and contain Fourier components largely at the guide field
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cyclotron frequency w, = IeBo/mcrl with amplitude pro- E= (0, E, 0) and B =(B., 0, B:) with vacuum modes given

portional to V, and at the undulator frequency for the plates at x = + a by:

koYV - (21rt/) t, (1 = undulator spatial periodicity) with B. = B.o cos k,(x - a) exp( - iwt + ikz),

amplitude proportional to B., the undulator field strength. B, = ik /k,)Bo sin k,(x - a) exp( - iwt + &A (6)
Linearizing the equation of motion in the frame which ro-

tates with the helical undulator field gives a laboratory frame Ey = (i/k,c)Bo sin k,(x - a) exp( - iwt + ikz),

orbit which compares favorably with the numerical results: where k, = rir/2a is the waveguide eigenvalue,

V, = V, cos w.t + V, cos koVt, W2 = (k 2 + k , , and r is an integer.

Y = V, sin w~t + VY sin k0Vti, (4) Linearizing the relativistic Vlasov equation and inte-
V si tgrating via the method of characteristics, we obtain the per-

turbed distribution function by performing the integration

Here, ItV, and V, are approximately constants of the motion, given by:
V. is the unduk tor quiver velocity, f'(E B f_/B

Y. = (12oV.)1(wl,: - koYV,<c, (5) ,a-,

and f20 is the undulator cyclotron frequency given by (7)

leB,/rmcl.
We are assuming the system is not magnetoresonant along the unperturbed orbit given by (4) using the TE fields

(i.e., a, #kt.). These orbits can also be obtained from the given by (6); P is the particle momentum ym3c,

recent work of Freund, Sprangle et al., and corresponds to r = (P I + P ')/m 2 c2 + I andfo is the equilibrium distribu-

Friedland's class of stable uniform V. solutions.9 This orbi- tion function.

tal behavior has been noted in experimentation' 0 with ther- The radiation source current is found by integrating the

mally sensitive "witness paper," lining the lateral wall of the perturbed distribution function over momentum:

drift tube, on which periodic markings from electron contact = "
were observed to correspond to the cyclotron period J f= d dP(P/rmlf,. (8)

[A, = (21-V 2 /o)] and the undulator period lo. Fourier transforming the Maxwell wave equation, dis-

In our analysis of the stimulated emission from the cardingy dependences, and expanding about the waveguide

beam-undulator interaction we assume that the Larmor solution. yields the dispersion relation:
precession terms in the orbit Eq. (4) are important (V, #0),
and it is shown that beams with a substantial initial trans- 2 ) 4,rc
verse velocity will support stimulated emission at a new band -(k + k ,)c" = - - cos k,(x - a)dx,

of frequencies given by the double-Doppler-shifted sum of aB, , 9x

indulator periodicity frequency and guide field cyclotron (9)

frequency, given by Eq. (2). where J is they component of the source current calculated

To keep the calculation analytically tractable we adopt from Eqs. (7) and (8) using the standard techniques of kinetic

parallel plate waveguide geometry as the radiation boundary theory. The result of this calculation is the dispersion rela-

condition. The radiation is assumed to be in the TE mode, tion given by:

W 2 -(k '+ k )c 2f21PdPf dP.((w -.k V) -A- + k V,

m 1 +( -),lf exp(- 2k 4 Zl)] [VJ. 2(dW-u)+Vi.J2(d)'J(u)'] (10)

.2 w - k.V. - lkoV. -q ,

where u = k, I,/koV, and d = k, 1/ ,o, o,, is the plasma Eliminating k gives the two intersections for the real part of

frequency, J denotes themth-order Beseel function, primes the frequencies at which growth can occur:

denote differentiation with respect to the argument. g is the A
equilibrium momentum space distribution function, andd is = ril Vkov + n [I ± fla (13)

the beam thickness. where

For growth to occur, the resonant denominator must be f k,c

vanishingly small: a =VI + 77wko),-+

w - kW, - 1ko V2 - n(, = 0. ( 1) For this experiment, a is close to unity. Therefore retaining
only the fundamental undulator and cyclotron frequencies

The real part of the frequency should also satisfy the vacuum (I= n = I) and keeping only the high-frequency intersection

waveguide dispersion relation: yields the positive energy cyclotron mode modified by the

W = (k + k,)c . (12) undulator as given by Eq. (2). The other frequencies which
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may exhibit growth include that of Doppler-shifted cyclo- Im(6w)
tron wave instability (set I = 0, in Eq. (13), the undulator I + ka]
modified negative energy cyclotron mode (n - - 1), the = 4 -v 4- (wco + ko -Idku2 I
strong pump limit of the free electron laser (n = 0) as well as k I
higher harmonics of both the undulator and cyclotron fre- (18)
quencies.

Integrating expression (10) by parts and substituting the Both axial and azimuthal mechanisms contribute to this
cold beam equilibrium distribution function: gain; in the limit ofk-O (waveguide cutoff) the gain is entire-

ly azimuthal. In Eq. (17) the word "threshold" stands for the
P )f(21TPL)-'6(P1 - P1o)8(P, - P 3) (14) onst of positive instability growth rate. In Secs. IVandVwe

gives the dispersion relation as: shall use the same word in connection with the requirements

for (ud) such that the free electron laser will oscillate. The
--(k -+k)c- latter requirement involves the losses in the oscillator cavity,

- w~ I 1t I?. d~, c?, ~e, and therefore the oscillator threshold for (ud) is somewhat-kd UR )I 3B, +  ym 8B. larger than that given by Eq. (17) in practice.
-d RAs k,-.O (removing the waveguide wall), one finds

+ B, , (k (k + k,) , from (18) and the definitions ofd and u that Im(8)-.0. The
+R P,12 +I2 - interaction assumed in this model will not occur when the

electromagnetic wave is purely transverse. We have chosen
to study this feature analytically by modeling the actual cy-

where lindrical waveguide wall in the experiment using the simpler
parallel-plate model, which is therefore an approximation.

B.= d [ oy,dd',(d 1.I(u) On the other hand, McMullin and Bekefi" have recently
+ (k,)(p./m)J-{d),uJ-(u),], considered a similar electron beam where the system is

It I pumped by a longitudinal componen., but assuming a differ-

and R., = ;'[w - (k + tIk)V, - nw,] is the resonant de- ent electron orbit and no waveguide wall. They obtain an

nominator for the n, I harmonic. instability at the same frequency [Eq. (2)] but with a different

The co" term in.the last term of (15) is the net result of growth coefficient. It is very likely that both mechanisms are

differentiating y with respect to momentum and is unique to operative in the experiment described in the following sec-

a relativistic calculation. This term can describe gain from tion, because our undulator has a longitudinal component at

the azimuthal bunching mechanism. " The other terms have the actual electron-beam location. Therefore, theory sug-

corresponding limits .n a nonrelativistc calculation and can gests that electromagnetic waves having frequency given by

describe the gain arising from the axial bunching mecha- (2) and growth rate of order predicted by (18) will occur,

nism. permitting the operation of a free electron laser device ac-

For the lowest-order resonance at n = 1, 1 = 0, in the cording to these principles. It is clear, however, that quanti-

limit of u-0, we recover the cyclotron maser dispersion re- tative comparisons with (18) may be questionable. Substitut-

lation studied by Ott and Manheimer.' ing the parameters of this experiment (Sec. IV] into Eq. (17)

For the ni = I = 1 resonance, we retain the lowest-order give 0.14 > 0.03; Thus we are considerably above thresholdFor he -- = reonane, e reainthelowet-oder and Eq. (18) gives the growth rate as Im(6w) _.0.6 x 109/sec.
nonresonant terms as well as the n = I = I resonant terms

and expand the frequency about the real part w,, : IIIAPPARATUS
w = w, + 6w, wherew, satisifes (11) and (12) so R1, =y ,
and the amplitude growth rate is Im(6w). The resulting quar- The electron beam was obtained by field emission from
tic equation in (6w) can be approximated by a relatively sim- a graphite cathode in a foil-less diode. A high-voltage pulse,
pie cubic equation when w+,, kVj>(w,+kY,)(k0 V, 600-800 kV and lasting 150 nsec, is obtained from our Phy-
/ 4wc,)u7 and u (d< 1, in which case we have: sics International Pulserad 220 generator. This is applied to

the cathode in an evacuated diode (pressure < 10--10-4

, Torr). Electrons are emitted from the sharp corner lip of the
(6o4 W - (w;/2yw,)(wo + k2U 2 cathode, and form a cylindrical shell beam having diameter

X,[ () 2 + (k - w1 d~u]1 =0. (16) =40 mm, thickness =1-2 mm in a drift tube having
SV, k - 16] i.d. = 47 mm. About 20 kA propagate in the beam for guid-

ing magnetic field Z 10 kG. Standard beam diagnostics in-
Two complex conjugate roots occur when the cubic dis- clude diode voltage, diode current, and beam current (the
criminant is positive, which yields the threshold condition latter requires insertion of a Faraday cup in the beam line).
for this instability as: Radiation emerging from the drift tube passes through

a vacuum window (polyethylene, or an aluminized z-cut
2du 2/2 (wa/7w,)(wo +>kV..) quartz mirror), is filtered by a high pass (A < 4 mm) filter, and
3"2/ [l(kk,,/k 1) - lo ] Iv ,(,V.)312 (17)'is guided into a shielded room for spectroscopic analysis via

a 2.5-cm-diam light pipe. Measurement of total power is
above which the growth rate is given by: made-after passing the radiation through two widely sepa-
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rated 1-mm mesh elements-by a Schottky-barrier diode de- I -

tector. Spectroscopy is done with the aid of either a Fabry-
Perot interferometer (this uses two plane parallel, separated FIG. 2. (a) Diode voltage signal (600
meshes, mesh constant = 250 #) or a grating spectrometer. (a) kV), 100 nsec/div. Ib} Radiation sig.
When doing spectroscopy, the 1-mm mesh filters are of nal. A= 1.8 mm using B,,.200 G

from I, = 8.5 mm undulator. 8,,- II
course removed, but the 4-mm high-pass filter remains in kG. the four-period /,, = 20.m un-
place. Calibration of the Fabry-Perot and spectrometer was dulator has B, = 500 G.
done with coherent sources (millimeter Klystrons and mo-
lecular gas lasers). Microwaves emitted from the system inJ " _ (b)
the 2-cm band can be observed if the light pipe is removed
and replaced with a microwave horn and waveguide leading
into the shielded room. tion of the electron trajectory" in the four-period wiggler

revealed that 0.50 <,/, < 0.75 and that the magnetoreson-
IV. EXPERIMENTAL DATA ance was rather broad but maximized at B,,= 10.2 kG. Over

The experiment was done in two independent parts us- a wide zone of B, fQ > t, which places the electron beam
ing different diode geometries. In each case the objective is to system either near or above threshold 1{6, > y-') of instabil-
prepare a beam having appreciable transverse motion. In the ity. ' Taking/ 6 > , one finds/f I -.<0.73 for y = 2.1.
first configuration, a cold beam is injected into a short, near- Very close to magnetoresonance, we found substantial
ly magnetoresonant undulator, from which the electrons millimeter and microwave radiation from the beam; we esti-
emerge with appreciable transverse energy.I In the second mate the power level > 100 kW. If the field ripple of the 20-
configuration, transverse energy is imparted to the beam at mm undulator is large, this radiation can be obtained over a
the cathode and is enhanced by field compression. Neither wide range of Bo.However, at B, = 5% Bo, this radiation is
technique is original to this investigation.* 'is What is new is produced over only a very narrow zone (4400 G) of Bo near
the provision of a long undulator downstream, which estab- magnetoresonance (10.2 kG). Away from this zone of mag-
lished the operating frequency of the radiation and which netic field, the millimeter spectrum is quiet. If then a second
drives the beam system (marginally stable in the absence of undulator-a 60 period bifilar helical current system having
the long undulator) unstable. /o = 8.5 mm-is energized, one can again produce short wa-

velength radiation (Fig. 2). The threshold B,,, required of the
A. Uniform beam-line geometry 10 = 8.5 mm undulator for this new radiation to appear was

A four-period, iron ring, 1 = 20-mm, nonadiabatic un- found to increase the farther one operates from the magne-
dulator having ripple field amplitude about 5% Bo partly toresonance.
converts the parallel energy of the incoming electrons Fabry-Perot spectroscopy of the two types of radiation
[(y - 1)mc] into a transverse component (Fig. 1), providing shows marked differences. The radiation obtained at magne-
one operates near the magnetoresonance condition toresonance (upon which the 1, = 8.5-mm wiggler has no
o,, z = ko V1 .Thereby the electron energy is redistribut- effect) (Fig. 3, upper), is found to be relatively broad band,
ed between the# 11 andflt motion, giving the component yTl although there appears to be a periodic feature in the Fabry-
parallel to B0 as Perot data indicating A= 4 mm (this may be caused by thep to B0 as high-pass filter). On the other hand, based on theory4 , broad-

= A/(1 + rl). (19) band radiation having frequency w, = 2yI 2w, is expected

Analysis of x-ray data in a related experiment showed 3 that above , threshold, and since y=2.1 one expects here
vL/vI -0.5-1.0 is possible using such an undulator. There 27'I 2=4 and o,/21r= 14 GHz, then 0,1/2,r=56 GHz. This
will be no singularity in V, Ic at magnetoresonance, owing to
transit time effects of the electron in the undulator. Simula-

I SOLENOID / UBE / /
\ j

I 20amM UNOULATOR
1500 1550 IS0 1oo650 '700 1'50

BA el14RADIATION

t, 8.5mmUNDULATOR b
___\- '-VACUUM

WINDOW

FIG. 3. Spectrograms using the Fabry-Perot interferometer, y=2.1;
d = Fabry-Perot mesh plate separation in centimeters, arbitrary zero.

FIG. 1. Diagram of linear beam-line apparatus, using a four-section magne- Above: System at magnetoresonance (B. = 10.2 kG), B, = 0 for 1, = 8.5
toresonant (I = 20 mmi undulator followed by a long (50 cml undulator, mm undulator. showing A= 4 mm. Below: nonmagnetoresonant case. re-
System length 100 cm. drift tube o.d. = 5.0 cm, cathode diam 4.4 cm. an- quing B,,. =4O00 Gfrom I,, = 8.5 undulator to produce signal at B,= 11.5
ode.cathode pp 25 mm. kG, showing A = 1.8 mm.
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radiation is probably the same as that obtained by a group at Taking Ek =400 kV/cm, Bok - 5 kG, Bo = 10 kG, we
the Ecole Polytechnique'6 in an experiment which used a calculate fl =0.4 in the drift section. Witness plates con.
long magnetoresonant undulator. In Fig. 3 (lower) we exa- firmed the compression of the beam to the expected diame-
mine the spectrum of the radiation which results from the ter: 2R1, = 5.8 cm, 2R a = 4.0 cm. One notable constraint is
1of= 8.5-mm undulator, for Bo= 11 kG. Here A= 1.8 mm that beam equilibrium requires %/,aJ1 ?<A, where
and bandwidth AA 1A =7%; this radiation at 1.8 mm was w" = 41rnk elm. This places a lower bound on the magnetic
observed using the grating spectrometer as well. Calculating field required at the cathode. (The Faraday cup showed that
ws from Eq. (2) and taking wo/ 2 1r = 26 GHz (, 11 = 0.73, a beam current 10-20 kA propagated, and at aw,/2-',r7
14 = 8.5 mm) we find w,/21r= 150 GHz (A =2 mm); thus the GHz, -yawk/ 21-= 14 GHz.) Simulation of the electron mo-
new radiation frequency is controlled by the long undulator tion in this diode geometry was done for us at the Naval
and the observed wavelength is consistent with the theory of Research Laboratory': for y = 2.5 it shows (fl : ) = 0.80
Sec. II. (A#,, -0.04) and (,.,) = 0.43 (A#,i -0.1) in a thin annular

beam. (The velocity spread A#,, of the beam may be open to
B. Field compressed beam geometry question in view of the fact that the electron emission is very

One would like to add feedback to this convectively localized at the sharp comer lip of the cathode. Rather cold
unstable system to implement an oscillator, however the ge- intense electron beams have been created and observed' 4 for
ometry in Fig. I is not suitable. Addition of a partially trans- a sufficiently strong, uniform guiding field.) The value
mitting anode mirror at the end of the drift tube and inser- 6 l = 0.8 is consistent with the cyclotron period observe!d or,
tion of a mirror into the cathode will give a power the "witness paper" (Sec. II).
recirculation factor' 7 5 15%, which is inadequate to provide In Fig. 5 we show the effect of adding an aligned anrnde
steady oscillation. 2 Increasing the cathode mirror diameter mirror to the free electron laser system. Without the mi -ror.
so that it exceeds the drift tube i.d. will, however, cause an filtered radiation at the wavelength given by Eq. (2) is below
improvement 7 in the recirculation factor to =40%, thereby the threshold of our detector, except for a transient as the
improving the expectations for the oscillator system. beam turns on. and off [Fig. 5(c)]. Addition of the mirror

We therefore built the new diode in the geometry shown causes an increase-perhaps as much as two orders of mag-
in Fig. 4. A large graphite cathode-with a polished alumi- nitude-in the power output. The large laser pulse follows
num plate insert serving as a mirror-is placed in a zone of an initial transient [Fig. 5(b)] at the initiation of the electron
weak but converging magnetic field and the electrons are beam, after 50-100 nsec; this pulse shape varies substantially
guided into the drift tube adiabatically along converging as experimental conditions are varied, but the peak power
field lines. This magnfetic geometry will enhance the conver- remains nearly the same. In Fig. 5(b) one notes at the termi-
sion of the beam longitudinal energy to transverse energy. nation of the fiat diode voltage pulse, a sharp drop in laser
Electrons are emitted from the cathode in crossed magnetic power followed by a tail of radiation emitted by the empty
and electric fields. We expect this configuration will provide cavity. Analysis of the latter permits a calculation' of the
the electron with transverse motion (at the cathode k ) given power loss per radiation bounce (10 nsec) in the resonator,
by'g: which is about 50%. Microwave radiation (2 <A < 3 cm), at

= 3.3 x 10 - Ek /B, (20) approximately the level we report in Sec. IVA, appears when
the millimeter free electron laser signal shows a tendency to

where Elk is the electric field at the cathode surface (V/cm) saturate or decrease. A relatively high level of B,, at the
perpendicular to Bok, and Bok is in kG. As Bo increases beam was necessary (Z 1 kG) to drive the system unstable
downstream, fl scales as l=a',62 ,k and the beam radius (viz., to produce the second peak) with the quasi-optical feed-
scales asR. =a- "Rk, where amBoBok, back; in this example, In = 12.5 mm, and the V,, arising

from electron motion in the undulator, is greater than 0. Ic.
Tua Oscillation could not be obtained if the diode voltage was lessthan approximately 800 kV for B. = I kG.,The level of oscil-

.:...."" --" ,,o,,.,. lation was sensitive to mirror alignment: tilting the cathode
mirror by approximately 1.5' was sufficient to spoil the oscil-

lation.
Spectroscopy (in two separate runs) was done using

.° '' both the Fabry-Perot and the grating spectrometer in this
Wexample. The Fabry-Perot shows that the interferogram of51 'the second pulse of Fig. 6 is a relatively coherent wave having

A = 1.6 mm and AA 1A 3%. Using the spectrometer, A = 1.4
mm was obtained (Fig. 7). In both Figs. 6 and 7, spectral

FIG. 4. Diagram of profiled beam.line system. Undulator is a b1filar helical analysis of the first transient [Fig. 5(b)] showed no coherent
winding, period 4, = 12.5 mm. length 60 cm. tapered 8,,. at point of beam feature. Taking y=2.5, 0, =0.4, and fl 1 =0.8, oo/27" = 20
entry. Cathode diam 58 mm. drift tube d. = 47 mm. length of magnetic GHz, wo/2r = 12 GHz and 0, = 2y I 2( o  ao ) =2rwx 180
field taper zone 15 cm. transverse distance between cathode and anode wall
1.7 cm. Mirror at cathode is polished plane aluminum insert into graphite. GHz (A 1.6 mm). The resolution of the detector/spectrom.
Mirror at anode is :-cut quartz, having a 2 cm diam nonaluminized trans- eter system in Fig. 7 was not as good as the Fabry-Perot
mitting "window" fnote reflectivity from this "window" is 50%l. system, Fig. 6. These spectra are characteristic of operation
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Mel FIG. 7. Spectrogram from the grating spectrometer: conditions nearly simi-
lar to those of Fig. 6. Detector crystal uses a mirror 5 cm wide so system
resolution here is 0. 1 mm. The detector response is fiat. Solid line-second
peak, Fig. 5(b); dashed line-first peak, Fig. Sib).

TIM later in the pulse [Fig. 5(b)]. We have also observed that an
increase of the guiding magnetic field will cause a decrease of
scattered wavelength, in the magnitude indicated by Eq. (2).

IZ In the two experiments just described, the beam energy

Inil and undulator period were varied, and under circumstances
. Uwhere a substantial/, was present, the emitted frequency

from the two systems was in agreement with Eq. (2). We note
this frequency is also near that expected from stimulted Ra-
man' backscattering, viz.,

FIG. 5. (a) Diode voltage waveform. 800 kV. (b) Radiation signal, A = 1.6 w, =2' (cwo - w /7d 2). (21)
mm whin both mirrors are in place and aligned: B, - 9.5 kG, B. = 1.3 kG.

1c) Radiation signal, A =w 1.6 mm, when anode mirror is replaced by a thin One would not, however, expect to obtain stimulated Raman
polyethylene window. Arrow locates t = 0 on each photograph: 50 nsec/ backscattering in this experiment, because there is reason to
div. believe that the parallel velocity spread of the beam is sub-

stantial (a few percent) and therefore the energy spread
at near-threshold conditions of ripple-field pump. As the would be too high to permit excitation of the space charge
pump amplitude is increased, the spectrum broadens and wave. Indeed, in the oscillator configuration described in
harmonics can be identified; in particular the case 1 = 1, Sec. IVB, no regenerated FEL radiation was obtained in a
n = 2 was clearly seen. This effect may explain why the sig- range of diode voltage (600-750 kV) where we had previous-
nal amplitude at the fundamental (1 = 1, n = 1) decreases ly obtained stimulated Raman-backscattering using a differ-

ent configuration' (in that experiment the cathode magnetic
field was =20 kG and the estimated ,. was 5 0.07). The

2.0o frequency of the radiation we report here is also far above the
backscattered radiation from the negative energy cyclotron
wave

o

F w, = 2Y,2 (oo - WJ ) (22)

A The result of the theoretical calculation (Sec. 11) de-
----- - ------- - pends on the electron orbit assumed, and the appropriate-

o - n~ness of our choice is open to question because of complica-
tions from the radial inhomogeneity of the undulator field
and the beam space charge. The theory predicts an instabil-

r- ± ;ty below the threshold calculated by Ott and Manheimer for
the case of no undulator. This may explain why the system
can sustain the high-frequency mode and yet remain stable

0 '.700 - - d against the radiation having frequency = 2 (w). From Eq.
(18), we find a growth distance of the FEL radiation to be less

FIG. 6. Spectrogram using the Fabry--Perot: d = mesh plate spacing in than L, the undulator length, and therefore it is reasonable to

centimeters, arbitrary zero. Solid line-,ecand peak. Fig. 5ib): dashed expect to obtain this radiation in our apparatus. The cold
line--irst peak, Fig. S(b). B,= 10 kG, B, = 1.5 kG, y = 2.5, 1, = 12.5 mm. beam theory predicts radiation at harmonics of the undula-
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A Thomso.'-scattering experiment to determine parallel velocity

spreed of an intense relativistic electron beam

S.C. Chen, T.C. Marshall, S.P. Schlesinger

Plasma Laboratory, Columbia University, New York City 10027

Abstract

We describe a non-interactive Th mson-Backscattering experiment to determine the
parallel-energy spread of a i KA/cm?, 600 KV beam. Principles of the experiment, optics,
complicating factors (e.g. X-rays, background light), Diode and TEA laser performance,
and preliminary single-channel scattering data are discussed. A momentum-spread of
(Ay/Y)N% % is consistent with the data.

Introduction

In order to obtain high gain and efficiency for a Free Electron Laser (FEL) operating
in the Raman regime, an intense, relativistic electron beam must be cold, that is the
parallel electron momentum-spread parameter (dy'y',1  (wp/2nc) (Xo/2Y), where wp is
(4wne /ym) , y = (1-V /c2)-4, n is the electron dengity, and Xo is the wiggler period.
For an FEL operating at < 1 mm wavelength, a typical required value of (ay/y)" is in the
ranga of 1-35, depending on the actual distribution of electron velocities in the beam.
A recent detailed ca culation of signal amplification along a warm electron beam by
Ibanez and Johnston(1)shows that the Raman gain falls monotonically for increasing values
of (Ay /y). Very little experimental data on intense electron beam devices is available,
and that relies principally on interactive diagnostics: one experiment (2) indicated that
(dy/y) 2% was not unreasonable. What is clearly needed is a non-interactive diagnostic
sensit-ve to electron-beam parallel velocity spread, with application to electron systems
appropriate for the FEL.

In this paper, we describe a Thomson-Backscattering diagnostic, which is capable of
resolving momentum spread n, I! in dense relativistic electron streams (j > 103 A/cm 2 l.
We review the theory, describe the apparatus, and quote some data for the first such
experiment of this nature.

Theory

Thomson-scattering from a relativistic electron stream will yield the thermal spread
of electron parallel velocities (in the lab fraide), (Av /c) = (1/y2 ) (Ay/y), from the
Doppler-broadened spectrum of scattered light:

/ 2(6y/y),1  2(1-1/y) (AW/W) (1)

2where W = (y-l)mc The ratio of frequency of scattered light (ws) to incident light
(wi) is given by

+8 4y 2
(2)

W W) = 1 %' 1___ U 2(2)
si =l-scose IV l-Bcos8 2 l+2

where 3 = v/c and e is the angle between the electron velocity and the scattered wave-
vector (we have applieO this to the back-scattering direction, e 6 0, where the incident
beam of radiation is directed counter to the electron flow). Scattering into a finite
solid angle,da, will cause an independent spread of frequencies, (6ws )

(6ws/Ws) , Y2 dn (3)

and therefore, to make this source of spectral-broadening negligible (viz.,Sw /w %)
we take dQ = 2xl0 "3 which is roughly f/20 optics. Taking W m 650KV, one findi Ws/Wi =
19.2 from eq. (2): TEA CO2 laser radiation at 9.6p would be shifted to a scattered wave-
length Xs  4.

To calculate the differential cross section for scattering, we use formulae from
Quantum Electrodynamics in the limit of w/mc 2 << 1, setting the e 1, 0. Then the ohoton
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cross section, (do/da).1 is given by

do 1+B 2 2 2 (4)a ) _S P - o- V- 4 2 , o 04

where ro * e2/mc2. Since the experiment uses a photomultiplier (PMT) photon detector,
the number of scattered photons (Ns) can be written in terms of the number of incident
photons (Ni) as

(Ns/Ni) 2(4y 2)ro2 (n) dfl (5)

where the factor of two, actually (1+8), is the photon flux compression appropria to
our geometry aV4 Zia the length of the electron beam illuminated. Taking nk=3xl02/cm2 ,
NsNi " A- 2x10 - . On the other hand, the energy differential cross section (do/dfl)w can
be obtained by multiplying eq. (4) by the photon frequency upshift factor,ws/wi, together
with the photon flux compression factor:

(do/dsl)w , 32y 4r02 (6)

This result can also be obtained from classical theory, taking care to apply thi re-
tarded time factor correctly. (Unfortunately, an erroneous "finite-volume" effect(~ s

has been ;gpagated in the literature, and has only recently been laid to rest by
Kukushkin ;J; the actual effect from a finite volume of scattering electrons is very
difficult to observe].

Finally, the spectrum of scattered radiation can be calculated once the electron velo-
city distribution is assumed. A suitable ansatz is a narrow gaussian(p the beam-frame
(characterised by temperature T0), in which case Zhuravlev and Petrov(1 find

22T°<c
d a /TO  , 2  

(7)

where the Doppler half-width of the line in the laboratory frame (Aw)s is

s mc2 n2 (8)

(The formulae of reference (5) contain a few minor errors having to do with the normali-

zation of the velocity distribution).

Experiment

Turning now to experimental matters, we are currently using a TEA CO2 laser oscillator
and a Lumonics 922S amplifier to provide power for the incident beam (cross section

lcm 2). The oscillator is tuned to one line near Xi = 9.6 by a diffraction-grating
mirror element. The amplified output is a series of mode-locked spikes, 10-20 MW in ampli-
tude, spaced 1 20 nsec apart over a 100 nsec interval. The mode-locked spikes (detected
with a photon-drag element) make a convenient and characteristic signature for the scattered
signal. The radiation is directed through a NaCl window into the drift-tube of the accel-
erator via a long-focal length mirror system, oriented le off the electron beam axis. The
scattered beam-line is also tilted about 1 from this axis to avoid picking up excessive
background visible light from the diode, as well as light from the spark at the TEA beam-
dump: an aperture-stop further discriminates against background light (Fig.l). The scat-
tered beam is passed through a window in a shielded room (v 5 M to one side of the acceler-
ator), into a copper box [enclosed in a wall of lead 5cm thickl in which is located an
RCA C31000A photomultiplier. At this point the radiation is filtered with 5000A interfer-
ence filters of variable width.

The arrangement of the diode is shown in Fig. 1. A Physics International Pulserad
accelerator applies a square pulse, 650kV, to a cold, graphite-tipped cathode immersed
in a uniform magnetic field (10kG). The pulse is very flat (within 2%) and lasts about
150 nsec (Fig. 2a). Electrons are field emitted across a 2-cm gap into a graphite anode;
a small fraction of the total electron current passes through an axi-centered hole
(5mm dia) and propagates down a 2 cm dia. drift-tube as a cylindrical beam (this arrangement
is similar to that used in the recent high-power Raman FEL experiment at NPL(6). Optical
alignment with a moveable jig and mirror iq relatively easy. The up-stream-pressure in
the drift tube is in the ranqe 10-5 to 10"4 torr; the electron beam is then at least 95%
in-neutralized by ions.
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Fig.l Experimental geometry, The anode-cathode gap is 2cm, So =.10kG, y " 2.3.

As in all Thomson-scattering work, background light is a severe problem. The most
serious interference arises from light emitted in the diode: the latter increases through-
out the pulse, particularly at the time of gap closure (Z300ns after initiation). The
stray light level during the first 50-80 nsec of the accelerator pulse is acceptably low.
The TEA laser cannot be directed up the axis of the system, because of the spark that is
formed at the cathode; this will change the electron beam current distribution. The TEA
laser dump is a lucite wedge located upstream in the drift tube (Fig.l).

Results

An example of backscattered signal is shown in Fig.2. In Fig.2(a), one sees the syn-
chronism between the diode voltage pulse and the TEA CO2 laser mode-locked spikes (detected
by a photon-drag monitor which intercepts a small portion of the light beam). The timing
on the oscilloscope photo is adjusted so that it accurately corresponds to the laser beam
intercepting the electron beam. In Fig.2(b), we display a filtered light signal (1/2p)
from the PMT (the PMT signal is delayed 30 nsec because of transit-time effects). A set
of spikes, having the same spacing as the mode-locked pulses at 9.6p is clearly evident,
superimposed on the background signal. A careful investigation shows the diode voltage
id flat to 2% during this 80 nsec interval. Furthermore, changing the diode voltage by
N 2% caused the mode-locked pulses to disappear from the PMT signal.

PMT
DODE SI GNAL./
VOLTS Ob

TEA. I-19.6A" 0 150 ns/div

0 50 asIB

0 a. On/dIv b.

Fig.2 (a)Synchronism between the accelerator pulse (above) and
the 9.6p laser siqnal (below).

(b)Scattered light (spikes), superimposed on background,
for A. - 5000A, detected by PMT.

The light detected by the photocell in Fig.2(b) results from incoherent back-scattering.
Note the typical order of the Debye distance for this electron beam is a few hundred
microns, clearly much larger than the 9.6p laser wavelength. On the other hand we can also
calculate maximum single-pass growth, with parameters taken for our experiments, using an
electromagnetic pump wave (instead of a wiggler) at 9.6p having intensity < 107 w/cm2 :
using the warm-beam weak pump case (7), we find negligible power from stimulated Compton
scattering.

To determine the spectrum of scattered light, from which the momentum spread is obtain-
ed, we substitute a set of wavelength filters having different filter-width in front of the
photomultiplier. Averaging over many shots, we obtain the dependence of normalized, aver-
aged power versus filter width (Fig.3). We deduce the parallel, normalized momentum
spread of the beam by fitting a Gaussian spectrum to the data (use of a symmetrical trial
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spectrum is justified only if the width is
very narrow). To date - using 50, 100, and
200 A width filters at 5000A, our best esti-
mate is that (6y/y), "' 1/2%, or 6v,,/c v .1%.

After obtaining more data, using addition- 1
al filters, we shall determine the beam velo- a'
city spread when an undulator is used. A
bifilar-helical winding having period Z =
17mm has been chosen. The objective is to
induce a measureable enhancement of the beam a
velocity spread, to determine how the velo-
city spread induced by the undulator combines
with that already present in the unperturbed "electron beam. 0-

E -
Thomson back-scattering from an intense 0

relativistic electron beam has several advan-
tages over traditional Thomson scattering.
One is the enhancement of the backsca tered I I
photon cross-section by a factor . 4y2. An- 50 100 200 A
other is that photons are more plentiful in Filter FWHM (&)
an infrared source laser by another factor Fig. 3
'1 4y2. Aicordingly, we are able to scatter
?rom q 10 2 electrons using the comparatively
low power % 10MW, an impossibility with non-
relativistic electrons. Backscattering of visible photons from a very energetic electron
source ( 10GeV) has been reported(8).

Finally, our preliminary report that (AW/W),," 1% for this electron-beam system largely
substantiates the claim of the NRL group to have achieved low energy-spread in their Raman
FEL experiment(6). Accordingly, one can contemplate practical, efficient Raman FEL systems
in the submillimeter spectral range.

Acknowledgment: This research was supported by the Office of Naval Research.

References

1. L.F. Ibanez and S. Johnston, IEEE J. Quant. Electr., QE-19, 339 (1983).
2. M. Friedman, D. Hammer, W. Manheimer, P. Sprangle, Phys. Rev. Lett.,.31, 752 (1973).
3. See: R.E. Pechacek and A.W. Trivelpiece, Phys. Flds., 10, 1688 (1967);

G.-Ward, R.E. Pechacek, Phys. Flds., 15, 2202 (1972);
J. Sheffield,Plasma Phys., 14, 783 (1§72;
J.H. Williamson and M.E. Clark, J. Plasma Phys., 6, 211 (1971).

4. A.B. Kukushkin, Soy. J. Plasma Phys., 7, 63 (1981) [Engl. transl.].
5. V.A. Zhuravlev and G.D. Petrov, Soy. J. Plasma Phys., 5, 3 (1979) [Ena!. transl.].
6. R.K. Parker et al., Phys. Rev. Lett., 48, 238 (1982);

R.H. Jackson et al., IEEE J. Quant. Ele-ctr., QE-19, 346 (1983).
7. A. Hasegawa, Bell System Tech. J., 57, 3069 (1978).
8. C.K. Sinclair, et al., IEEE Trans. N-ucl. Sci. 116, 1065 (1969).

383



SECTION V
VoLu ,%k 52. NL ,wEK 6 PHYSICAL REVIEW LETTERS 6 FE aRARY 1984

Thomson Backscattering from a Relativistic Electron Beam as a Diagnostic
for Parallel Velocity Spread

S. C. Chen and T. C. Marshall
Plasma Laboratory, Columbia University, New York, New York 10027

(Received 16 November 1983)

Thomson backscattering of C0 2-laser radiation is used to determine the parallel mo-
mentum spread of a 1-kA/cm2, 700-kV magnetized electron beam, emitted from a cold
cathode in an apertured diode. The beam is found to be suitable for Raman free-electron-
laser applications: a normalized momentum spread of (0.6 *0.14)% was obtained for the
inhomogeneous broadening; It is also found that the use of an undulator will cause an In-
crease of the broadening.

PACS numbers: 42.60.-v, 42.68.Mj, 52.60.+h

In order to obtain high gain and efficiency for a tween the electron velocity and the scattered

free-electron laser (FEL) operating in the Raman wave vector (in the backscattered direction,

regime, w, L/yc >> 1, an intense relativistic elec- where the scattered photons travel parallel to

t:on beam must be cold, that is the parallel com- the electrons and the incident photons antiparal-

ponent of normalized momentum spread should lel, 0 =0). Scattering into finite solid angle, dn,
satisfy ( 6 v/v')1 <(l/2)(w,/2c), where w, = (41rnel/ will cause another spread of frequencies, aw 3/
Vn) 1/ , y=(I -v /c )-/2, n is the electron den- w, = y 2dl/r; to make this type of spectral broad-

sity, and 1, L are the undulator period and length. ening negligible (say . 0.1%), we shall take dfn

In the regime of long wavelength and comparative- -4 10" which is roughly f/30 optics. If W= 670

ly low y, inhomogeneous broadening caused by kV, from Eq. (2) one finds w,/w = 19.2: trans-

electron beam emittance, space charge, and versely-excited-atmospheric (TEA) C0 2-laser

gradients in the undulator field must be held to radiation at 9.6 Am would be shifted to a scat-

(dy/7)1 = (1-2)% in order that FEL gain remain tered wavelength A =0.5 gm.

high.' However, available electron-beam data To calculate the differential scattering cross

relevant to this question rely principally" on inter- section we use standard formulas from quantum

active diagnostics. What is needed is a noninter- electrodynamics in the limit lNw/mc 2 << 1, setting

active diagnostic which Is sensitive to the spread 0 =0. The photon differential cross section, (dal

of electron velocities parallel to the axis of the df2),, is given by
beam. In this Letter, we describe a Thomson- (1 +V/c (3)
backscattering diagnostic which is capable of re- (dald 0),: 1 -V/C)

solving momentum spread < 1% in dense relativ-

istic electron streams. We review the theory, where r0 =e 2/)nc 2. Since the experiment uses a
describe the apparatus, and quote data for the photomultiplier (PMT) detector, the number of

first experiment of this nature. 2 Backscattering scattered photons (N3 ) can be written in terms
of photons from a very energetic (10 GV) elec- of the number of incident photons (Ni) as
tron beam has been reported several years ago.' N,/Nj = 2(4y2)ro(ni)dn, (4)

In the laboratory frame, a thermal spread of 0

electron parallel velocities 6v!,/c is related to where the factor of 2. actually (1 +v/c), is the
the spread of electron momentum or energy by photon flux compression factor appropriate to
(8V1/c)=y"2(8y/y),; it is also related to the backscattering geometry, and I is the length of

broadened spectrum of scattered light: the electron beam illuminated. Taking nl= 3x 1012

cm"2 yields N/N =3.5x10" 4 . The energy-dif-
ferential cross section can be obtained by multi-

where W= (y - 1)mc 2 . The ratio of the frequency plying Eq. (4) by the frequency upshift factor,

of scattered light (w,) to frequency of light inci- from Eq. (2). This result can be obtained from

dent upon the electron stream (we) is classical theory, taking care to apply the retard-

1 +t/c 4y,12  ed-time factor correctly. (Unfortunately, an er-
/. 1- (v/c)cosF - (1+., 2 -) (2) roneous "finite-volume" effect4 has been propa-

gated in the literature, and has only recently been

where v., (I -v 12/c2) "1/2 and G is the angle be- laid to rest by Kukushkin'; the actual finite-vol-
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ume effect is very difficult to observe.) applies a square pulse r700 kV to a cold, graph-

The spectrum of scattered radiation can be cal- ite-tipped cathode immersed in a uniform mag-

culated once the electron velocity distribution is netic field, Bo= 9.5 kG.- the pulse is very flat
assumed. A suitable Ansatz is a narrow Gaussian (within 2%) and lasts aboQt 150 nsc'(see Fig. 2).

in the beam frame (characterized by temperature Electrons are field emitted across a 2-cm gap
To), n which caseO into a graphite anode; a small fraction of the total

current passes through an axially- centered hole
(d~s/dwod11 = exp(- mc2/T0 ), T0 nc 2, (5) (5 mm diam) and propagates down a 2-cm-diam

where the Doppler half-width of the line in the lab- drift tube as a cylindrical beam (this arrangement
oratory frame is 212Toln2/mc2]1/2. (The formu- is similar to one used in the recent high-power
las of Ref. 6 contain a few minor errors having Raman FEL experiment at U. S. Naval Research
to do with the normalization of the electron dis- Laboratories1 ). Optical .lignment with a movable

tribution.) jig and mirror in the electron beam line is rela-
Turning now to experimental matters, we use tively easy. The upstream pressure in the drift

a TEA laser oscillator and a Lumonics 922s tube is in the range 10"' to 10' 5 Torr; the elec-
amplifier to provide about 20 MW in a sequence tron beam is then at least 95% nonneutral.
of mode-locked narrow spikes, spaced over a An example of the backscattered signal is shown
100-ns Interval. The oscillator is tuned to one in Fig. 2. The lower portion of the figure shows
line by a diffraction grating. The mode-locked the synchronism between the diode voltage pulse
spikes make a convenient signature for identify- and the TEA-CO2-laser spikes (detected by a
ig the scattered signal. The radiation is dl- photon drag device which monitors a portion of
rected through a NaCl window into the drift tube the beam). The timing is adjusted on the oscil-
of the accelerator via a long-focal-length optical loscope so that the laser beam intercepts the
system, oriented = 10 off axis so that the incident electrons at coincidence. The PMT signal is de-
light misses the cathode, and hits a beam dump layed an extra 35 ns by transit-time effects. A
(Fig. 1). The scattered beam line is also tilted set of spikes, having the same spacing as the
1 off axis to reduce visible-light pickup from the mode-locked spikes at 9.6 Mm, is clearly evident
diode and the TEA beam dunip. The scattered on the z-um channel. A change of the diode vol-
light is apertured, and passed through a window tage by S 2% will cause the scattered spikes to
in a shielded room and into a copper box, which disappear. Having calibrated the diode voltage
is enclosed in a wall of lead 5 cm thick and in as 700 kV, and expecting scattering for y= 2.3
which is located an RCA C31000A PMT. At this (670 kV), the difference of 30 kV is apparently
point the optical radiation is filtered with a set due to the space-charge potential depression of
of I-um interference filters having variable the beam. From this follows the estimate of the
width. Background light must be kept below the beam electron density, 3x 1011 cm 3. Comparing
saturation level of the PMT; the stray-light level, the observed level of the signal with that pre-
which increases throughout the accelerator pulse,
is discriminated against by a high-pass filter
(50 MHz) in the output circuit. t, 5Ons/div

A Physics International pulse-line accelerator
0 5'Q
signal

*-.BEAMA- 80  
-DRIFT TUBE

e-BEAM . SCATTERING REGION , 6,(
--. ,_. = .... "Diode

- Voltage

APERTUURED D--"-' "Kl.5-I
DIODE ,.LASER UNDULATOR i-SEAM TE, diT

BEAM DUMP REGION DUMP TEA. ]
(LUCITE) DUMPTEA

FIG. 1. Schematic of the apertured diode and beam 96C
line. Anode-cathode gap, cathode diameter, and drift ..... t '
tube i.d. are each 2 cm. Undulator length is 40 cm and
period is 1.7 cm; the first and last three periods are FIG. 2. (Bottom) Diode voltage (700 kV) and TEA
tapered so that Bz varies gradually. laser signal and (top) scattered signal at 21 IrM.
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dicted by Eq. (4) (including PMT gain and optical square brackets is =4. The radius of the electron

losses), we find that the scattered power is of spiral orbit due to the undulator is only = 0. lOrb.

the expected order. The data show that the total inhomogeneous

The quantitative scattering data are shown in broadening increases to 0. 8% (B . = 225 G) and

Fig. 3. The dashed line is the scattered spectrum 1.1% (R, = 375 G), t 0.1%. The additional broad-

signal which would be detected by use of a set of ening expected from the undulator is due to the

ideal Gaussian filters characterized by half-pow- parallel velocity shear which arises from the

er width UX, centered at 5000 A, under the as- radial gradient in quiver velocity, and is an im-

sumption that the electron velocity distribution portant factor in this experiment since 2vrb/O

is a narrow, Doppler-shifted Gaussian charac- z 1. The anticipated undulator contribution to the

terized by inhomogeneous width (86 /y). The da- momentum spread is (8y/),), 2 (yv x/C)2 8B,/

ta points, obtained by averaging many shots under B,, where 8B /B .L represents the systematic

nearly identical conditions of accelerator per- variation in undulator field amplitude across .b
formance, were obtained with use of filters which of = 20%. Therefore we expect the undulator to

did not have exactly Gaussian response functions, contribute an additional 0.3% or 1.0% momentum

Each filter transmission characteristic was meas- spread, respectively, for B ± = 225 G and B,

ured, and the data points were normalized so that = 375 G. Combining the predicted space charge
each channel could be compared as a Gaussian and undulator broadenings will give the experi-
filter. The best data fit, for zero undulator field mental value that we report (within error limits)

B 1 , gave (8y/y) = (0.6* 0.14)%. We estimate the provided that these two sources of inhomogeneous

electron momentum spread caused by the beam broadening are added as the root-mean-square
space charge as (8y/),, ,..=Wz rb 2/4c2=0.5% (rb sum.
is the beam radius). Thomson backscattering from Pn intense rela-

Next, data were taken when the bifilar helical tivistic electron beam has certain advantages

undulator was energized. The period of the un- compared with the plasma case. One factor is
dulator is 17 mm and B 1 = 225 or 375 G. Because the enhancement of the differential scattering

of the proximity of magnetoresonance (2irv, i/ 1
0  cross section by 4v?. Another is that, for com-

=eBo/inc), the corresponding electron quiver parable laser power, photons are more plentiful
velocity, given by in the infrared source by another factor of 4), 2.

/ eB 1 I0  f eB There is no ion bremsstrahlung light, but diode
V / 2rmc2 L2 1 c, - 1 , (6) light, x-ray background, and the large .f-nu'mber

W) requirement contribute to experimental difficul-

is 0. 06c or 0. 1c. The enhancement factor in ties.
Finally, our measurement of a beam energy

spread < 1% is consistent with the claim of Jack-

son el al. to have achieved low-energy spread in

IS their Raman FEL experiment.7 Accordingly, one
can contemplate practical, efficient Raman FEL

systems in the submillimeter spectral region.
...... j This research was supported by the U. S. Of-

Z 0 fice of Naval Research. The participation of

W 'Professor S. P. Schlesinger in the initial portion

4. of this research is appreciated.
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.S CTION VI
Parallel Velocity Spread Induced in a Relativistic

Electron Beam by an Undulator

SHIEN-CHI CHEN AND T. C. MARSHALL

Abstrat-The parallel momentum-spread of an intense relativistic
electron beam (1 kAIcm'. 700 kV), used in a Raman free-electron laser,,,
has been determined by a Thomson backscattering experiment. In-
frared radiation at 9.6 gm. provided by a CO 2 TEA laser, is backscat- /
tered by the electron beam and is observed at a wavelength of 0.5 gm.
The spectral width of this scattered light is a quantitative measure of
the beam energy spread or temperature. The beam itself has a frac- 8i -
tional momentum spread. - 0.6 percent. When a region of periodic. 0 cosa, a ,8

transverse helical field is imposed by an undulator. the momentum 8cos as a O$
spread Is found to increase, becoming - 2 percent when the quiver ve-
locity of the electrons induced by the undulator is roughly 15 percent wt ,

C. The data also show how the intrinsic spread of beam combines with
that induced by the undulator. Fig. I. Thomson scattering shown in laboratory coordinates.

0 direction, by a factor roughly 4f 2. Also. at 0, = 00, the

I. INTRODUCTION scattered spectrum is stable for first order variation over

O obtain high gain and efficiency for a free-electron 6,, which means that the half-angle of the observation
T laser (FEL). it is necessary that the electron beam be cone, dQl can be extended without introducing a signifi-
"cold." that is. the normalized electron axial momentum cant amount of angular broadening which comprises the
spread should be <- I/N, where N is the number of undu- resolving power. For an optical system with f/30. a spec-
lator periods. This means in practice that a momentum tral resolution of i5w,/w, - 0.1 percent is possible in the
spread -0.5-2 percent is adequate, larger momentum 0, = 00 direction. Finally, the inhomogeneous broaden-
spread will result in poor performance. Consequently, it ing from various electron velocity components within the
is necessary to develop diagnostic methods to measure this beam is resolved most effectively in the 0, = 00 direction.
important parameter in an accurate and noninteractive The disadvantage in this geometry is that the entire length
way, particularly in the example of intense, low energy of electron beam is observed, viz.. the spatial resolution
beams used in collective, or "Raman" configurations [I1. is not high.
This paper reports measurements made on such a beam The calculation of the photon scattering cross section
using the recently reported technique of Thomson back- for a relativistic electron proceeds by quantum electrody-
scattering of coherent radiation from a relativistic electron namics [31, [4]; however, certain simplifications occur.
beam (2]. We present details of the experimental methods First. the photon energy is negligible compared with the
and new results showing the effect of the undulator on the rest energy; neither initial nor final spin states are ob-
beam momentum-spread. served, and an average is taken over initial and final po-

Referring to Fig. I. the frequency of the scattered light larizations. One then obtains the scattering probability of
is related to the frequency of the incident laser light (for a "one photon-one electron" system. However. the actual
low photon energy) by situation involves streaming electrons interacting with an

o, C - 3 cos 0, I - incident flux of photons, so in addition to multiplying by

-- Cos , (I) the density of electrons and the density of photons, one
must also include a geometrical factor that describes the

For a particular choice of incidence angle, the frequency orientation of the two beams, the "flux compression fac-
shift as a function of scattered angle is an ellipse. The tor" 15) (1 - , - x,). For the case of practical interest
most pronounced upshift is obtained in the 0, = in laser diagnostics, where the incidence and observation
4beam lines are orthogonal to each other, and for the spe-

lknuscnpt received September 28. 1984; revised February 10. 1985 cial case of our backscattering geometry, we obtain
Thi-.ll1vork was supported by the Office of Naval Research under Grant
N00014-79C-0769. da = r0 (I - 3 )

S. C. Chen was with the Plasma Laboratory. Columbia University. New (2)
York. NY 10027. He is now with AT&T Bell Laboratories. Murray Hill. dn ,f (I - (2)
NJ 07974.

T. C. Marshall is with the Plasma Laboratory. Columbia University. New This shows a dramatic enhancement of interaction in
York. NY 10027. the electron beam direction, and permits the application

0018-9197/85/0700-0924$01.00 © 1985 IEEE
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of this technique to relativistic electron beams of compar- the spontaneous and stimulated FEL radiations (X, _ !o/
atively low density (- 1011 cm-3 ). 2y2 - 1.7 mm, where 10 is the undulator period and ('y)

A classical derivation will give the same result, except is the relativistic factor) fall in the millimeter spectrum
that it is the scattered energy which is calculated, and there and they do not interfere with the diagnostic scattering
is an additional factor of 4y, 2 which accounts for the Dop- channel at 1 Am. The undulator is used in this experiment
pier upshift. We note that "finite residence time" effects, only to provide another source of inhomogeneous
which have been mentioned in the lierature [4], 16]. 171 broadening.
as a possible complicating factor, have been shown to be
incorrect 181. This is also true for finite laser pulse time II. EXPERIMENTAL CONSIDERATIONS
effects. The main requirement is that there be many wave- A. Loser and Optical Systems
lengths in a pulse which illuminates the electrons, in which
dase one may interpret the experimental data using (2). The laser system consists of a "homemade" CO, TEA

With the incident, high power laser radiation working oscillator and a Lumonics 922S amplifier (see Fig. 2): the
as an electromagnetic pump on the electron beam, the sys- oscillator is tuned to the 9.6 P(24) line of the 001-020
tern can be regarded as a type of FEL. where the undulator band by a diffraction grating acting as a mirror. An intra-
is an electromagnetic wave. In the rest frame, the Debye cavity diaphragm is used in the oscillator to suppress off-
length (c/l,) (6-,y3) - 10-2 cm. is much longer than the axis modes. The round-trip cavity time 2 LIC defines the
Lorentz-contracted electromagnetic "undulator" period, spacing between mode locked spikes of radiation, roughly
10A/27. so the interaction is noncollective, viz., it is in 20-30 ns. The oscillator output is double-passed through
the single-particle or Compton regime. The Compton gain the amlifier which is timed to amplify the 120 ns pulse
for this situation is so low that the stimulated scattering of 9.o ,m radiation. The electron accelerator is triggered
process is negligible and only the incoherent scattered ra- by a light signal from the oscillator spark gap. There is
diation is important. In other words, the bunching effects roughly a 50 ns jitter between the pulse of laser radiation
and coherent gain process associated with an FEL do not and the electron beam pulse: however, the latter is about
contribute to the scattered signal. 150 ns wide, so there are a reasonable number of good

The width of the FEL spectrum is determined by the coincidences.
finite undulator length (w//w - 1/N). a homogeneous The amplifier output is directed into the interaction re-
broadening. together with the inhomogeneous broadening gion through a NaCI window. The high power density of
from the finite temperature electron beam. The number of the output ( 20 MW/cm2) makes it necessary to place
electromagnetic "undulator" periods is more than 104, so the first mirror at least 2 m away from the amplifier output
in the Thomson scattering experiment the inhomogeneous window. The amplifier radiation (2 x 3 cm) is focused by
terms determine the shape of the scattered spectrum at a 5 m f.i. mirror to a 6 mm spot in the drift tube. roughly
Im. and we may use the spectral width as a measure of the same cross section as the electron beam. A focusing
the parallel velocity spread. The scattered spectrum is ob- optic off/120-is employed so that the radiation is scattered
tained by summing contributions from all the electrons efficiently by the large aspect ratio electron beam. Copper
over the electron velocity distribution parallel to the beam mirrors are used as the last two optical components in di-
axis, using the single-electron cross section defined by (2). recting the high power laser into the scattering system.
The integration has been carried out for a narrow Gaus- The laser power is monitored by a phot'n drag detector.
sian in the rest frame by Zhuravlev and Petrov [9], ob- which samples about 5 percent of the total power reflected
taining a Gaussian spectrum providing the beam is cold off a NaCI flat located in the optical path. Fig. 3(a) shows
enough- the width is the coincidence of the electron beam (diode voltage mon-

itor) and the laser pulse. The equally spaced spikes of ra-
2T0In 2 ( diation make a convenient signature for identifying the

(1w/w),nhom,, = 4 n 2 = 2\(6') (3) scattered optical signal.
S71iThe scattered light from the interaction volume (Fig. 4)

where To is the rest frame beam parallel temperature. and is collected by a 103 cm f.l. mirror, corresponding to
(6 1'y/-)I1 is the fractional energy or parallel momentum fl30. The collected light is focused further by a lens (f.l.
spread in the lab frame. The data are interpreted under 23 cm) down to a I mm spot where an aperture stop is
the assumption that the rest frame electron velocity distri- used to reduce the visible light pickup from the diode and
bution is Gaussian. which is open to question. However, the TEA laser beam dump. After passing through this a*-
if we assume a flat distribution with a width equal to the erture, the diverging beam is focused again and dirlted
Gaussian, it turns out that the error we make in interpret- into a shielded room through a 2.5 cm window in the wall,
ing the data is only of the order of the experimental res- into a copper box, which is enclosed in a wall of lead 5
olution (6,/,y - 0.1 percent). cm thick. Inside this box is an RCA C31000A photomulti-

On the other hand, a "true" FEL interaction does occur plier tube inside another 3 cm lead jacket. The quantum
between the electron beam and the magnetostatic undula- efficiency of the photocathode is II percent at 1 Am. and
tor (period, 1.7 cm. amplitude, - 500 G). This interaction the current gain is - 10' at the 2.5 kV tube voltage. The
is not observed, since with a beam energy of 700 kV, both fast anode rise time permits observation of the narrow
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Fig. 2. Layout of the laser, accelerator, beam. and detector systems.

B. Electron Beam

Ia) Si The accelerator is a pulse line system designed by Phys-
ics International (220G). and consists of a Marx genera-

."tor. a pulse forming line, and an impedence-matching ra-
-1 ndial resistor (the latter following a self-breaking diode

switch). The diode.voltage is monitored with dividing re-
sistors. which are calibrated in situ against a precision

(b) electrostatic voltmeter (at reduced voltage, of course). The

L (ccalibration is determined using the same circuit elements
actually used, so there is no need to know the exact pa-
rameters of the circuit. Fig. 3 shows the typical diode volt-
age signal. Although it is ordinarily flat to - 2 percent.(c) the scattered signal spikes can be referenced to the cor-
responding time in the pulse, so that a sequence of scat-
tered spikes may be correlated with the appropriate elec-
tron energy.

(d) The radial resistor is in parallel with the vacuum diode.
The function of this resistor is to match the pulse line
impedance to the diode and to reduce accelerator voltage

Fig. 3. Oscilloscope phtograph tit typtcal ignals. Above. each ligure. droop which is caused by diode impedence collapse. The
diode voltage pulse. - 700 kV. 50 ritdiv. (al Diode voltage. (b) TEA latter can be further improved by adjusting the center con-
laser signal. photon drag detector. (c) Diode voltage lame as tn pan tail. ductor of the pulse line slightly off-axis; this permits the
(d) scattered light at ' pm PMT The PMT signal is delayed 35 ns in the
detector and therefore appear% later in (d) compared with the photon drag output voltage of the line to be ramped up about 4 percent
signal in (bi. during the pulse. The result is a nearly flat diode voltage

signal.
scattered spikes of radiation. Spectral information is ob- The diode is shown in Fig. 4. It is adopted from a con-
tained by filtering the scattered light with a set of narrow- figuration used at NRL (101, specially designed to meet
band interference filters, having transmission peaks lo- the cold-beam requirements set by a Raman FEL. The
cated at ' Am. with the various bandwidths (e.g., 50, 80, electrode surfaces were shaped to provide a radial electric
100, 250, and 500 A). field which balances the self-pinching effects of the azi-
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LASER BEAM DUMP 1 M) using the assumption 2rr/lo < 0.8. The radial inhomo-
SALINM 0 RECTIG geneity of the field causes the electrons in different orbits

0 a a a o 0 a a 0 a a o a a MROR to be pumped to different transverse "quiver" velocities.
CAT.OD, DI TUBE n -The parallel energy spread induced by the transverse pump

field gradient 6B.L/B, averaged over the beam is
....... ........ (3..)

GUIDING IELD COILS SALT WINDOOW • . ( 3 . / (.)
Fig. 4. Diagrram of the diode, drift tube, and undulator configuration.

muthal magnetic field from the beam current. Only the T 6B (\ l ]2r3'j c ". - (5)
central 10 percent of the beam is extracted through a 5
mm diameter aperture. The anode is a reactor graphite where the term in the absolute value brackets is the en-
disk with a 15' conical concave surface and a 5 mm ap- hancement factor for a system operating near the magne-
erture on axis. The "cold" cathode, made from reactor toresonance of the guiding field. Bo. This enhancement
graphite, is separated from the anode by a 15 mm gap; factor is roughly 3.5 for our choice of -y = 2.3, guiding
this is partly determined by the need to avoid accidental field, and undulator period, and the representation in (5)
short circuits in the diode. The entire beam is immersed is an approximation which is accurate to about I percent
in a uniform guiding field of 9.5 kG. The apertured beam for our choice of parameters. taking into account a more
propagates along the axis of 71 cm long, 1.9 cm ID stain- detailed calculation of the orbit which allows for the radial
less steel drift tube. The upstream pressure in the inter- variation of the undulator field across the orbit. The trans-
action region is maintained in the range 10-4_10 - 3 torr. verse field variation over the electron beam is about 20
We estimate the beam current density at - I kA/cm2 from percent for our parameters: this is deliberately chosen to
the scattering data. To avoid pickup of diode light (from be larger than necessary in order to bring out the inhom-
the cathode), and to avoid dumping the high power laser ogeneous broadening from this element. The electron
radiation at the cathode, both the incident and scattered beam is injected into this tapered-entry undulator and the
beam lines are tilted about 10 from the axial directions. orbits fall into the classification of stable "'type I" [12],
The laser beam hits a plastic beam dump concentric with even though we operate near magnetoresonance with
the beam: this tends to reduce light emitted by the laser cB0oo/21rymc2 01I = 0.7. Equation (5) should therefore pro-
spark. vide an accurate estimate of the inhomogeneous broaden-
C. The Undulator ing contribution from the undulator. The quiver velocity

induced on the beam by the undulator can be as high as
A current-driven bifilar helical undulator provides a 0.15.c.

right-hand. circularly-polarized magnetostatic pump field
which perturbs the electron velocity in the manner appro- III. EXPERIMENTAL MErHOD
priate to an FEL. The two coils are wound onto a grooved
nylon form. The undulator is 43 cm long and contains 25 Having chosen the laser wavelength of 9.6 jm. and the
periods. A three-period transition is introduced at both detector wavelength of 4 m. the Doppler upshift factor of
ends of the undulator to provide a smooth entry of the 19.2 will determine the electron (/3) and (-) from (1): -y
beam into the undulator. The transverse undulator field is = 2.3 (670 kV). To detect an energy spread of - 1-2
adjusted from 0 to 600 G by charging voltage of the ca-- percent we need a resolution -0.1 percent In compari-
pacitor bank which energizes the coils. The transverse field son, the linewidth of the laser is - 0.001 percent. The
was measured with a multi-turn miniature pickup coil. main constraint on the resolution comes from collecting

The magnetic field from a double-wound helical undu- the scattered light from a finite solid angle. 7r( ,)2. This
lator is (11) will cause a spectral width 23y20,A0, even if the electron

beam is monoenergetic. If we take .f/30 optics. the solid
B, - B1 ( + I [27rr/10 ]2 + ••) angle is <0.001 and our spectral resolution will be ade-

quate.
- sin (2irz/10 + 0) The signal level is proportional to the scattered photon

number
Be = B, (I + I [27rr/0 ] ' + ' N)

. cos (2irz/lo + 0o) S 4 N = )dfN,LN 0 . (6)

BZ - B, (-27r/10) (1 + 1 [21r/lo]2 + •) (4) Only the interaction length L and the incident photon
number Nn, can be manipulated to increase the scattered

cos (2rz/10 + 0o) power. Because of the required tilt in the optical beam
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lines, a cross-beam geometry results and L - 1 cm. The 1)t
power obtained from the laser amplifier is - 20 MW, less
than its potential because we operate using a selected
monochromatic transition. Taking the electron density to z'
be 3 x 101I cm- - . the number of scattered photons is
obtained from N,/N,,, = 3 x 10- 15. As the optical etfi-
ciency is only - 30 percent the scattered signal from the
PMT into a 50 1 load is only about 100 mV. Sources of
interference include light emitted from the diode and X- PtrOp
rays; the former must not saturate the PMT and the latter "*.-.7
must be reduced to a low level by geometry and shielding.
especially because the X-ray signal appears as a random
narrow spike. A narrow band optical filter is used to reject
diode light and to define the spectral width of the channel. L .::" --.
The background was such that the maximum filter width rP.-.E. EE,,f SPQF.D %;
was 250-500 A. Slowly-varying signals, principally from
the diode light. were rejected by using a high pass (20 Fig. 5. Transmtted signal through an interterence filter versus filter band-

width, for several beam energy spreads iGaussian filter shapes).
MHz) electrical filter before the oscilloscope. Combining
these features, the system signal-to-noise was brought up If both functions are Gaussians. with half-widths (aw)
to 5.

An optical jig was used for beam alig:ment, and heat- and (5f) respectively.
sensitive paper was used to bring the laser signal into spa- 6
tial alignment with the electron beam. The incident beam S(w, bf) = IT%/-r (6w) (8)
path was 25-m long, and folding mirrors were used to fit (ow): + f
this into the relatively small space available. A special
sliding platform was made to isolate the optics from the In (8), (6w) may be related to (6yf")I. However. the
accelerator, as the diode must be opened frequently for filters used in the experiment did not have an ideal Gaus-
servicing (hence realignment is necessary every few sian shape. A grating spectrometer was set up to measure
shots). The scattered light signal is shown in Fig. 3(b): the actual transmission characteristic (the PMT response
the spikes of the photomultiplier output appear as a bipolar is nearly flat over the narrow spectral region defined by
signal because of the high-pass video filter. Knowing the the filters). Using the actual filter lineshape. a response
signal delay between the incident and. scattered signals curve is generated which is somewhat more complicated
(- 35 ns) it is possible to correlate the scattered signal in appearance than the graph of (8). shown in Fig. 5, but
spikes with the incident signal spikes and normalize the the data were reduced numerically according to the more
output. The spikes are a few nanoseconds wide and the complicated prescription.
voltage is constant during the scattering event. Given that IV. RESULTS
the accelerator voltage is constant to within 2 percent over
a 150 ns inter~al, it is slowly-varying to the extent of a Data are accumulated by cataloging "good" shots
small fraction of a pe: .",nt between scattering spikes (:= 25 (about 80 of the 250 shots actually taken were "good." in
ns). This permits one to lind the optimum scattering volt- waich 120 spikes were used to determine the spectral
age for centering the scattered light into the given filter, widths) taken under the same alignment conditions and
within a range of the order ±1' percent; this is small com- diode voltage with various filters in front of the detector.
pared with the energy spread and it is comparable with the These signals are first normalized to the incident laser
resolution of the system. (Because the beam gamma is power level, whose shot-to-shot variation is about 30 per-
=2, it follows that an optical filter with say I percent cent, and these data are then fitted to the transmitted fil-

bandwidth will accept a range of electron kinetic energies tered signal function generated accordiiz. to the methods
also -1 percent.) Although the accelerator voltage does discussed in the preceding paragraph. The curve fitting
vary slightly from shot to shot, the methodology outlined the data best yields the data point for the experimentally
above permits one to associate a given scattering level with measured (4y/-y). Once the (6-1/,y) is determined, each
a fixed electron energy value: if the accelerator voltage data point is renormalized with respect to the "ideal" fil-
falls outside the acceptable range or varies too much dur- ter curve, viz., Fig. 5. The result of such analysis is shown
ing the pulse, this defines a "bad shot." in the example Fig. 6. where we have shown the data ap-

When a finite bandwidth signal I(w0) passes through a propriate to zero undulator field (the dotted line is a fit of
filter with response function T(w0), the transmitted signal (6y'/'y) = 0.6 percent to the data). A similar curve is gen-
is erated for each additional condition of undulator pump

field [an example for B, = 375 G is shown in Fig. 6(b)].
S = () T() dw. (7) As B, is increased, the diode voltage is increased so as

J to maintain constant parallel average electron velocity.
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g / "quiver" velocity induced by the undulator. The straight line is a cal-

culation based on (5): the curved sold lne s a quadratic combination of
21 the expected undulator and beam inhomogencou% broadeningil terms (see

Table 1).
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37 O GAT S Ii The inhomogeneous broadening is then observed when
Fig. 6. (a) Scattered signal data versus filter bandwidth. for zero undulator the undulator is energized. The estimated value in the ta-

field. The dotted line s a fit of (6,y-h - 0.6 percent to the data. (b)
Undulator field, 375 G. line is a fit of (6"y/,)t - 1.1 percent. ble is based on (5), accounting for the change of gamma

as B.L is increased. In the last column we have combined
the inhomogeneous terms quadratically. The comparison

TABLE . between the expected inhomogeneous broadening and the
SUMMARY OFTHOMSON ScATTERiarO DATA ("MEASURED") AND ESTIMATES measured result is best shown in Fig 7: the latter sum-

THE VALUE (6-YI-/Y) SC IN THE *'ESTIMATED" COLUMN IS OBTAINED FROMTHE SPACE CHAR E I HOfOGENEOU .TERmUSING ELECTRON marizes all the data taken in this experiment. In inter-
DENSIT = 3 x 10" cmis preting the data it is important to real ze that the large

VI vTBL MASUREDI'). ESTAED contribution to the inhomogeneous broadening from the

ITOTAL) r 7sciJ, , undulator is intentional here, as korh 1, and does not
8. tG) OuIv RI I TOTAL2, .d11

000 1O 00 06% - 0,1,. -%- -0o. 1o, 00 o0.% represent "typical" data from a well-design~ed FEL of this
000 005 0_% ! o0,. o%0% 03%. 0_,. type.

5 1%- 0 1% 05 "0o, o O.a% 09% The experimental results show first that an intense, re-
I0 :% ±lativistic electron beam obtained from a well-engineered

5 1 o i ._- , 0 1_ % 1__05 _ 1os%206 but simple diode using a cold cathode is-sufficiently "cold"
for Raman FEL applications. In this example. a 50 period

A summary of the data taken is given in Table I. The undulator could be used before thermal effects on the beam
numbers in the "estimated" region of the table corre- would cause a reduction in gain 1131. Using an electron
spond to calculations of the inhomogeneous broadening beam with a total momentum spread of 2 percent. it shouu
based on the measured macroscopic parameters of the sys- be possible to operate an FEL at wavelength as small as
tem. The broadening from the beam space charge is con- 100 Am with a 3 cm period undulator and beam energy of
tained in the term denoted by "S.C." ((6&y/y)sc =  10 MV in the high-gain Raman mode. This would require

4 rL/4c) = 0.5 percent; this number is based on the space limiting the undulator amplitude and therefore restricting
charge electrostatic depression obtained from the drift tube the gain. The limiting criterion we have used for this es-
geometry and measurements described later in this sec- timate is that the period of the plasma wave be twice the
tion. The effect of diode emittance is not measured sepa- Debye distance, all referred to the electron rest frame.
rately, but is combined with the space charge effect when The second poin,-one which would not ha'e been ap-
the undulator is not energized. If the emittance and space preciated prior to this experiment-is that the inhomoge-
charge effects are combined quadratically (as independent neous broadening terms should be combined quadrati-
sources of momentum spread), and the total spread is cally. that is, as "random error" type effects. The reason
taken as the experimentally determined value, then we find this might not have been expected is that the beam space
0 i ( Sy'/), 0.5 percent, with a most probable value charge causes electrons on the inside of the electron beam
of 0.35 percent. This range of values is consistent with the to have less forward energy than electrons on the outside;
range of values presented in [10], namely 0.13 percent to whereas, the undulator pumps more effectively on the out-
0.6 percent. Thus, without the undulator, we find the side of the beam, convening parallel motion to transverse
Thomson scattering diagnostic is providing reasonable re- quiver. These two effects are in opposite tendencies. which
suits for the beam momentum spread. means that for an optimum undulator field there would be
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expected a compensation of broadening effects and a re- [3) J. D. Bjorken and S. D. Drell, Relativistic Quantum Mechan-
suiting monochromatic beam. This is clearly not the result ics. New York: McGraw-Hill. 1964.woud mi cle nto the 25 R. H. Pechacek and A. W. Trivelpiece. "Electromagnetic wave scat-
we obtain (the "optimum " B, would be close to the 225 tering from a high temperature plasma.- Phys. Fluids. vol. 10, pp.

G data point). The Thomson scattering diagnostic meas- 1688-1696. 1967.

ures the (6&y/'y)q averaged over, the electron beam cross [S A. 1. Akhiezer and V. B. Berestetskit. Quantum Electrodynam-uresthe(&y ,) avragd oer.theeletro bem coss ics. New York: Wiley. 1965.

section, which is exactly what is available to the FEL. How 161 J. Sheffield. "Incoherent scattering of radiation from a high temper-

accurately can we say the data can be fitted quadratically? ature plasma." Plasma Phys., vol. 14. pp. 783-791. 1972.
The calculation of the undulator inhomogeneous broaden- 171 J. H. Williamson. and M. E. Clarke. "Construction of electron ais-

tribution functions from laser scattering spectra." . Plasma Phys.,
ing term is done using (5). and a source of error is the vol. 6. pp. 211-221. 1971.
measurement of the guiding field which enters into the l A. B. Kukushkmn. "Incoherent scattenng of light by a finite volume

of a relativistic plasma." Soy. J. Plasma Phys.. vol. 7. pp. 63-67.magnetoresonant factor. Taking a liberal estimate of 5 per- 1981.
cent error for the experimental value of B0, the quadratic 191 V. A. Zhuravlev and G. D. Petrov. -Scattering of radiation by a finite

fit to the data is still a good representation, that is, better volume of relativistic plasma streams." Soy. J. Plasma Phys.. vol. 5.

than a linear fit. pp. 3-5. 1979.
1101 R. H. Jackson et al.. "Design and operation ut a collective milli-

Having measured the diode voltage at which scattering meter-wave free'-electron laser." IEEEJ. Quantum Electron.. vol. QE-
was observed, we find this is 30 kV higher than the elec- 19. pp..346-356. Mar. 1983.
tron energy which is necessary to cause a scattering up- fill 1. P. Blewett and R. C. Chasman. "Orbits and fields in the helical

wiggler."J. Appl. Phys.. vol. 48. pp. 2692-2698. 1977.
shift factor of 19.2 as given by (1). i.e.. 670 kV. As this 1121 H. P. Freund. "Nonlinear analysis of free electron laser amplifiers
is statistically significant, in view of the calibration ac- with axial guide fields." Phvs. Rev., vol. A27. pp. 1977-1988. 1983.
curacy and experimental error limit 2 2 percent, or 15 1131 L. F. Ibanez and R. S. Johnston. "'Finite temperature effects in tree

electron lasers," IEEE J. Quantum Electron.. vol. QE-19. pp. 339-
kV), we suggest the higher value of diode voltage is nec- 346. Mar. 1983.
essary to inject the beam space charge into the drift tube 1141 C. K. Sinclair. J. J. Murray. P. R. Klein. and M. Rabin. "A polarized
in concentric coaxial cylindrical geometry. A simple elec- photon beam for the SLAC 82-inch hydrogen bubble chamber." IEEE

Trans. Nucl. Sct.. vol. NS-16. pp. 1065-1068. 1969.
trostatic calculation involving the radius of the beam and
the drift tube permits a determination of the electron den-
sity, - 3 x 101 cm- 3. (The electron density can be used
to calculate the curient density and the expected inhom-
ogeneous broadening from the space charge well.) This
then can be used to estimate the absolute signal level, given Shien-Chi Chen was born I:n Taipei. Taiwan. on
certain uncertainties involving the optical system. Our February 23. 1956. He received the B.S. degree in
conclusion is that the signal level is consistent with the physics from National Taiwan University. Taipei.

(4-y2) factor in the differential scattering cross section. The Taiwan in 1978. ind the M.A. and Ph.D. degrees0as in physics from Columbia University. New York.
frequency upshift factor and enhancement of cross section N1. in 1982 and 1984. respectively.
effect were also obtained in an experiment reported by He is currently it AT&T Bell laboratories.

Murray Hill. NJ. where he is engaged in researchSinclair et al. [ 141, wo used a 20 GV electron beam to on free-electron lasers and far infrared spectros-
produce 7 GV protons from an incident ruby laser signal. copy.
However, our experiment is the first to report measure-
ments of the actual electron energy distribution 'in the
beam.
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Section IX. Raman FELs and FE.s with guide fields

A RAMAN FEL AT 2 mm WAVELENGTH

J. MASUD, F.G. YEE, T.C. MARSHALL and S.P. SCHLESINGER
Columbia Universzty, New York City 10027. USA

Recent results from the Columbia Raman FEL oscillator and amplifier are summanzed. About 2 MW of power at 2 mm has been
obtained from a constant period undulator oscillator, which is close to the theoretical maximum. Spectral data on the oscillator
linewidth ( - 1%) and dispersion are dtscussed. and compared with theory. Progress on the amplifier configuration. which uses the
output from a NH, molecular laser as a coherent source, is also summarized.

1. Introduction guiding field. ,, of 8.3 kG. the electron orbits are
stable type I. viz.. ykou:l > eBo/mc, where ko- 2-r/ 0 .

The nonlinear physics of the free electron laser (FEL) The guiding field causes an enhancement in the electron
involves waves set up in a nearly cold electron beam quiver velocity induced by the undulator. so that v./c
when it passes through the undulator. In addition to the - 10% for B, - 500 G. The forward scatter mode is
pump field and the growing scattered EM wave moving convective, and therefore will not compete with the
parallel to the electrons, there is a disturbance in the desired backscatter (FEL) mode. The configuration of
beam space charge caused by the ponderomotive force. the accelerator, the FEL amplifier and its assortment of
Since a dense electron beam (wpL/yc :P- 1) may also gas lasers is shown in fig. 1.
support a space charge (or plasma) electrostatic wave, In the oscillater, the upstream reflector is just a thin
there can be an important interaction when the annular ring concentric with the electron beam. The
ponderomotive force resonates with this mode. Even thickness of the ring is - 1.5 mm, which reflects only
when the pump is weak. exponenttal gain can occur: - 50% of the incident radiation (it is thin to avoid a
this is referred to as the "Raman" FEL. The name is substantial electrostatic perturbation on the beam). The
drawn from Raman lasers when an intermediate energy downstream reflector is the quartz vacuum window with
level is involved in a stimulated scattering interaction - 10% reflectivity. Thus the oscillator will operate only
with an optical pumping source. if the single pass FEL gain is very high. A pulse of

In this paper we discuss initial experimentation using radiation at - 2 mm is shown in fig. 2. The power at
a simple Raman oscillator and amplifier. The purpose the output window was observed to be 2 *MW (de-
of the oscillator is to define initially the regions of termined by a calibrated receiver). As a comparable
substantial gain by observing the emission wavelength, amount of radiation is emitted into the diode, we com-
Following this. the gain is observed in an amplifier pute an efficiency - 3%, which cofipares favorably
configuration, using a CO, laser pumping an NH 3  with theory (,p/ykoc). The long start time is required
gaseous laser at 140 GHz (2.14 mm). because of the large cavity losses. We do not know why

the FEL pulse does not last longer, but it may have
something to do with the high intensity radiation which

2. Experimentation is beamed into the diode. Also shown in fig. 2 is the
dependence of power radiated upon undulator pump

We use a 60 cm long bifilar helical undulator, having field. The threshold for oscillation is high because the
tapered entry and exit (penod: 10 - 1.45 cm), positioned losses at each end of the cavity are very high. In the
ever a 5 mm diameter, - 100 A beam enclosed in a 6.2 upper range of Ba,, we leave the Raman region and
mm diameter drift tube (TEll cutoff, 27 GHz). In a enter the region of the strong pump instability. The
previous experiment. a Thomson backscattering di. power was measured using the radar formula and a set
agnostic showed [11 that the intrinsic parallel momen- of attenuators which we calibrated in the FEL's own
tum spread was < !%, and was largely dominated by radiation, so that the crystal detector remained in its
the beam space charge. In this new configuration, the linear response zone.
only important change is to reduce the diameter of the Next, spectroscopy was done on the radiation emitted
drift tt.be, which should improve the beam quality. In from the simple oscillator using a millimeter grating
the energy range of the beam (650-750 kV), for a spectrometer. The latter was calibrated against conven-

0168-9002/86/$03.50 ' Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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Fig. 3. FEL oscillator line profile, obtained from a grating
spectrometer.

voltage). At lower energy, smaller transmitted current

may result from high V,. and this may explain the
discrepancy. These results show that the amplifier should
be operated at a diode voltage of - 750 kV.

10 IThe amplifier experiment requires a dependable high
0 400 Soo 1200 power (- I kW) source of coherent signal in the milli-

meter region. Initial efforts utilized a 1.2 mm line
emitted from isotopic methyl fluoride pumped by a CO,

Fig. 2. Dependence of FEL oscillator power on pump field TEA laser. However, the 3D theory predicted low gain.
amplitude. Total power output, - 2 MW. Inset: diode voltage
pulse (above) and radiation pulse (below) at 2 mm wavelength:
time scale, 50 ns/div. 4.0

tional 2 and 3 mm sources. The resolving power of the 3.s-
instrument was - 100. and in fig. 3 we see a profile of o 0

the oscillator emission line. The total line.,idti). 1.7%,
compares favorably with the linewidth mea-laernent of
the first Raman FEL [2]. The intrinsic linewidth of the
radiation is only about 1%, and is therefore ).ss than the
undulator linewidth (- 2%). One would expect that for ..,25

an oscillator the homogeneous linewidth should be o .5

smaller than I/N by roughly a factor of the square root )
of the number of radiation bounces, which should
account for the factor of two. On the other hand, the 20
inhomogeneous line broadening is also - 1% (1].

In fig. 4 we show a plot of the dependence of

scattered wavelength upon beam -nergy, in which a is
comparison with Freund's three-dimensional theory is 560.0 600.0 640.0 680.0 720.0 760.0 800.0 840.0
indicated (3]. The agreement with the theory is good, ELECTRON ENERGY (V)
especially at lower pump field, farther from magnetores- Fig. 4 FEL wavelength for different energies. The theory curve
onance; only the point at longer wavelength falls sub- is for the following parameter,: beam current 200 A. TEl I
stantially away from the predictton (the electron energy mode in drift tube, guiding field 9 kG. undulator period 1.45
is based on the empirical determination of the diode cm. B = SOO G.
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4 _ necessity for a short undulator period (1.1 cm). Re-

cently, a new long wavelength (2.14 mm) ammonia laser
- also CO 2 TEA pumped - has been studied (4], and

this should be a more satisfactory source of signal
imput for the FEL. The longer wavelength permits an

s; increase of undulator period (1.45 cm. the same as for

A the oscillator described above) and V1,. Gain measure-
S/ments are in progress. In fi&. 5 is shown a theoretical

3D computation for the FEL gain of our apparatus in
the vicinity of the NH 3 line: - 30 dB single-pass power
gain should result.

C
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Gain Measurements from Start-Up and Spectrum of a Raman
Free-Electron-Laser Oscillator

J. Masud, T. C. Marshall, S. P. Schlesinger, and F. G. Yee
Columbia Universiy. New York, New York 10027

(Received I I December 1985)

Results from a Raman free-electron-laser oscillator producing -- 2 MW at 2.5-mm wavelength
(AX .= 1%) are reported. A novel method of extracting regenerative-gain and power-coupling-
loss measurements from signal delay times is described and the experimental analysis compared
with 3D theory. The first observation of long-wavelength sideband power in the Raman regime is
reported at high undulator strength. Temporal behavior of the output after saturation is reached is
discussed.
PACS numbers: 52.75.Ms, 42.55.Tb

In a free-electron laser (FEL), radiation present at W,- (4"rne2/ym) 1/2 and L is the interaction length],
the electron-beam entry is convectively amplified by a together with a relatively weak undulator field (Bj.
traveling-wave mechanism. The system will oscillate if < 1 kG here) and, of course, adequate beam quality
the output signal is returned to the input by mirrors, [(8"/y) , < 1/N, where N is the number of undulator
and it should be possible to uncover the details of the periods]. The "strong pump" regime, where ex-
FEL signal gain and saturation by analysis of time- ponential growth continues, has also been explored ex-
dependent effects. In this Letter, we report such data perimentally.9

from a Raman FEL oscillator, operating at X =" 2.5 A schematic of the oscillator is shown in Fig. 1 (a).
mm, using a 700-kV, 1-kA/cm2 electron beam in- A pulse-line accelerator provides a 150-nsec voltage
teracting with a constant-period (1o- 1,45 cm) undula- pulse to an apertured diode. The undulator, 64.5 cm
tor 50 cm in length in a 9.45-kG guiding field. Opera- long, is a bifilar helical winding powered by a capacitor
tion at 2-mm wavelength in a waveguide of 6-mm di- bank. The entry and exit of the undulator are zones
ameter requires the use of 3D theory' to interpret ihe (7.3 cm each) of adiabatically changing field, caused
results. These results, which compare favorably with by variation of the winding diameter, with a 50-cm-
calculations from theory, show high-power output (2 long uniform-field region in the middle. Two mirrors,
MW) and reasonable efficiency ( - 3%); in addition, one of which is a polished annular disk (MI) and the
the coupling loss is measured as well as the parametric other a quartz window (M2), provide feedback. An
dependencies of the small signal gain. upper limit to their power reflectivities has been calcu-

FEL oscillation in the millimeter and submillimeter lated to be RI-65% and R2 -9% so that RR
range has been reported2 and studied3 with respect to _ 5.9x 10-2. A lower value of RR 2 -3.8x I0 -

basic power and spectroscopy measurements. Recent was found to fit the data best and this was used in
experiments have utilized high-quality beams (i.e., low drawing comparisons with theory. After a certain start
temperature); in one,4 high power, gain, and efficiency time, t - t., the system oscillates at high power, often
were achieved with use of A guiding field near "mag- as a sequence of "mode-locked" pulses spaced by the
netoresonance" [yko/3-e hmc2, where ko-2¢r/I 0 is cavity bounce time, 2Le/c [Fig. 1(b)].
the undulator wave number, B0 is the axial guiding A grating spectrometer (resolving power-100)
field, y_ (1I32) - 1/2, and /3=-vi/cI. The magne- shows that the radiation consists of a narrow ( - 1%)
toresonant effect enhances the electron quiver motion line and a lower-frequency sideband dispaced from the
in the undulator and permits larger gain to be obtained fundamental by - 6% [Fig. I (c)]. The sideband is to
at reduced undulator field B.L, but can lead to non- be expected in a system which runs to saturation,10

linear effects which are not yet fully understood. and is due to particle trapping in the pondermotive po-
More recently, extensive measurements have been tential well, but had not been previously observed in
made 5 on a microwave FEL operating in the Raman the collective regime. As the undulator field is in-
regime. Our study also uses a high-quality electron creased, power at the sideband frequency is found to
beam [parallel normalized momentum spread (8 ,/-y) grow to levels comparable to the fundamental, where-

-% ],6 but unlike these experiments, it avoids mag- as the latter quickly saturates above the threshold field
netoresonance (eB 0/Wymc2k 0-0.53) by use of stable ( 400 G). The dependence of the wavelength upon
"group I" electron orbits.7  electron energy was found to be in good agreement

In the "weak pump" Raman regime, the traveling- with the 3D calculation of the frequency of maximum
wave signal grows exponentially along the undulator.8  growth for a TE11 mode and tunability from 90 to 170
The conditions for a Raman FEL are those of high GHz was demonstrated.11

beam density, low energy [w,L/yc >> 1, where A new method of obtaining radiation growth-rate

© 1986 The American Physical Society 1567
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FIG. 1. (a) Oscillator schematic. (b) Typical wave forms (time scale. 20 ns/div.L Above: Diode voltage (120 kV/div.);
below: FEL output, snowing mode locking and "'start time" t,. (c) 2.4-mm-grating spectrometer data showing FEL spectrum
at E- 700 kV, B - 650 G. The 2.45-mm and - 2.6-mm peaks correspond to the fundamental and sideband wavelengths,
respectively. Bars indicate shot-to-shot fluctuations.

measurements and subsequently making quantitative within the linear-response range of the crystal-diode
comparisons with theory was employed on this system. detector.
It consists of observing the dependence of t, on any of In Eq. (1) the negative-exponent term inside the
the variables which affect the FEL gain per pass: the square brackets can be neglected for the typically large
undulator field, the electron energy. the interaction FEL gain pertinent to our system (17L > 2). Also, for
length, the guiding field, the cavity losses, or the beam the weak-pump Raman regime, the spatial growth rate
current. Functional dependence on the first three of can be written as rL - KB,, where K is essentially
these parameters is presented here. independent of B,. far from magnetoresonance.12

If the oscillator starts from noise power (PO) and Therefore Eq. (1) becomes
builds up to a high, but unsaturated, level (PD) after
exponentiation over n radiation bounces [Fig. I (b)J, LBL- -- LCln(PD/Po)/ct,-ln(RIR2/4)2'IA.. (2)
then

Note that LB, is inversely proportional to it.
PD [exp(21'') + 2rL) ] 1 The variation of start time with the undulator field is
P"'o"" 2 shown in Fig. 2(a) in which the predicted linear depen-

dence of B. on I/t, is evident. The vertical 6ashed
where n -t/(2L1/c), t- "start time," r is the Ra- line indicates the end of the voltage pulse by which
man spatial growth rate. L - NI0 is the interaction time about 18 radiation round trips can take place in
length, a is the total cavity power loss per pass and is the cavity. The bars indicate uncertainties in the mea-
dominated by the large mirror losses (i.e., a - I surement technique and they increase as t, becomes
-RIR 2), and m is the number of modes between smaller. However, the shot-to-shot reproducibility of
which the recycled electromagnetic power is divided at the data points was found to be excellent with a flat
the input mirror MI. In Eq. (1), this power sharing is voltage pulse ( V/V < 2%). The spread of the points
assumed to take place between a growing and a decay- around the best-fit line increased for a more rippled
ing EM wave with no coupling between the electron voltage (A /V-- 5%), especially for small i. This is
beam and the backward-propagating EM wave, so that expected since Eq. (2) assumes that K is constant dur-
the coupling loss factor is I/ 2 = -. In the experi- ing the interval 0 < t < t. Nevertheless. the intercept
ment, PD is taken to be the threshold detection level, at 1/r- 0 which yields a value for K can be unambigu-
determined by detector responsivity, transmission ously determined even with a rippled voltage run since
losses, and attenuation needed to keep signal levels the points were found to converge to a single value as
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(a) RADIATION BOUNCES spond to very nearly the same growth rates (and there-
2010 s 4 3 2 I fore, the same v,.) in both cases as expected: the
I I I Isame critical gain at the t: - 150 ns oscillation thresh-

old and the same large transverse velocity resulting in
-600 beam disruption. In the theoretical modeling, the

I .beam is assumed to be cold, which is a good assump-
Ssos. tion in the light of previous experimental measure-
S400- ments.6

M The coupling-loss factor, I/m2, is important to the
4300 I theoretical modeling of FEL oscillators. The number

I of ways in which the amplified wave energy is divided,. exml.I
200 I depends, for example, on the undulator strength: In

00 the strong-pump regime, there exists a third, oscillato-
0[D ELECTRON E ry solution to the FEL dispersion relation, so that theI OURATION

C0  02 04 0 10 12 coupling-loss factor becomes 1. For single-pass am-

1/tsICoas-1) plifiers, the gain per pass must be large enough to
(__)_0.1_______overcome not only any signal-insertion and polariza-

(/ 30 Theory tion-matching losses, but also this substantial mode-
014. -Ez,.rm"' /" coupling loss. Despite the importance of the coupling

/ loss for '.oth FEL theory and experimental design, no
E 0.12 systematic effort has yet been made to measure this
" ,factor. The good agreement between calculations and

experiment in Fig. 2(b) not only confirms the 3D
=/ / .I/ theory employed (which predicts only single-pass

0 ..' °' ]  I growth rates), but also strongly supports the choice of
0 0 06/ m-2madeinEq.(2).

I I In another approach, the undulator field was kept
oo4. ,:/i ,- - constant and the interaction length L was varied. This• "' J.'" I

/ ' .21 was accomplished by our moving an asymmetrical
! I soft-iron piece along the undulator length (Fig. 1(a)]

0o - thereby deflecting the guiding field and with it the
00 2000 4000 6OO 8000 1000.0 electron beam to the drift-tube wall. One example of

UNDULATOR FIELD (G) the resulting L vs l/t plot is shown in Fig. 3(a) where

FIG. 2. (a) lit. vs B at E - 700 kV and L - 50 cm. (b) the linear dependence predicted by Eq. (2) is clearly
r - KB, (solid lines) and theoretical (dashed) curves ob- seen. The flattening at L - 50 cm corresponds to the
tained at E = 600 and 700 kV. end of the uniform undulator. By use of the theoreti-

cal growth-rate value for these parameters, the expect-
t, increased. As far as possible, only identical flat- ed I/is=0 intercept, Lo, can be calculated from Eq.
voltage shots were considered. The procedure can be (2) with RIR,/4 replaced by R1R/m 2 for different in.
repeated for another set of parameters and in this Once more, agreement with m -2 is excellent. As
manner the factor K and F = KB, can be obtained as with Fig. 2(a), the standard deviation in the data
functions of, for instance, the electron energy. In Fig. points was much less than the error bars would indi-
2(b) are shown two exampk - of F = KB . gain curves care.
obtained at two widely different diode voltages. The The interaction length and the undulator field can
agreement with 3D theory can be seen to be very also be simultaneously adjusted for the FEL output
good insofar as we are trying to fit a straight line to a power to reach PD at t - 150 ns, the end of the vol-
curve. The experimental window is bounded, on the tage pulse. This allows a rapid determination of L0 at
low-B,. side, by the finite electron-beam duration (i.e., different pump strengths, but is approximate in that
the gain has to be large enough for the power to build I/t0 as required [the discrepancy can be seen in Fig.
up out of noi,.e before the end of the voltage pulse at 3(a) to be not large]. The experimental data (Fig.
t= 150 ns) and, on the high-B . side, by the electron 3(b)] are seen to track the m = 2 curve quite well,
transverse motion, which, when large enough, results given the approximate nature of the measurement
in the electrons striking the drift-tube walls. The latter technique and shot-to-shot variations (these are
fact was verified with witness-plate and Faraday-cup single-shot measurements). Agreement is even better
measurements. In addition, these experimentally for the B,.-430 and 650 G points (circled) which
determined limits can be seen in Fig. 2(b) to corre- were evaluated at the correct l/i4=0 intercept. This
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FIG.3. (a) /t, vs Lat E-700kVand B1-650G. (b) L0 vs B at E-700kVand t, - 5ns (dots) and t-4oo (circled).

suggests that for operation at BL < 1 kG we remain tial oscillation has died away and the beam is quiet.
within the weak-pump collective regime. The authors wish to acknowledge the cooperation of

Two additional points about the temporal evolution H. P. Freund and A. K. Ganguly in making available
of the FEL power deserve mention. First, the FEL their 3D code. This work was supported by the U.S.
output does not persist for the entire duration of the Office of Naval Research Grant No. N00!4-79C-0769.
voltage pulse but lasts typically - 50-60 ns and usual-

ly falls off in the <S5-ns decay time of the cavity. The
exact shutoff mechanism is not yet understood, but we
believe that the high power radiated into the diode tH. P. Freund and A. K. Ganguly, Phys. Rev. A 28. 3438
and/or the parasitic nature of the off-resonance side- (1983).2D. B. McDermott et al., Phys. Rev. Lett 41. 1368band instability may be responsible. Second, even at (1978).
high gain when the start time is short, the signal does 3D. S. Birkett et a!.,, IEEE J. Quantumr Electron. 17, 1348
not build up again during the remainder of the voltage (1981).
pulse after the initial disruption. The reason for this 4S, H. Gold e aL. Phys. Fluids 26, 2683 (1983).
behavior was found to be the initial noise level, P0, 5i. Fajans eta!., Phys. Fluids 28, 1995 (1985).
needed for power to increase to PD in t < 150 ns. This 6S. C. Chent and T. C. Marshall, Phys. Rev. Lett. 52, 425
threshold noise level-found to be -- 10-100 W from (1984).
the slopes of Figs. 2(a) and 3(4), Eq. (2), and the es- L.Friedlad, Phys. Fluids 23. 2376 (1980).
timated value of PtDmis about 106 times greater than ST. C. Marshall. Free Electron Lasers (Macmillan. New
that available as spontaneous undulator emission even York, 1985), p. 78.

at hgh B. Te sorce f tis hgh bckgoundleve, 1". I. Orzechwoski et a!. Phys. Rev. Lett. 54, 889 (1985).at hgh t. he ourc ofthi hih bakgrundlevl, 0R. A. Freedman and W. B. Colson, Opt Commun. 46,
we believe, is the beam noise present at the abrupt a ,- 37 (1983).
celerator voltage turnon at t -0. A 100-W noise level ttj Masud et a!.,, in Proceedings of the Seventh Interna-
would correspond to an electron density perturbation tional Conference on Free Electron Lasers. Tahoe City, Cal-
of only ""0.02% via the pondermotive force. This ex- ifornia, 1985 (to be published).
plains the absence of late-time FEL. signal after the ini- 12H-. p. Freund, Phys. Rev. A 27, 1977 (1983).
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Regenerative Gain in a Raman Free-Electron Laser
Oscillator

J. MASUD, T. C. MARSHALL. S. P. SCHLESINGER. AND F. G. YEE

Abstract-A parametric study of gain in a millinseter-wave Raman in the microwave region. Such a method is possible where
free-electron laser oscillator and comparisons to linear theury are car- the single-pass gain is high and the injection losses of an
rned out. The intense (I kA/cm), relativistic (600.800 keV). cold external signal do not pose a problem (i.e.. microwave
I (6y/y), < 1 percent I electron beam employed is goitled by a 9.45 kG
magnetic field through a 1.45 cm period. 49.5 cm long uniform undu- wavelengths). The high intrinsic gain can additionally
lator. Operation at < I kG pump field results in a < 10 percent electron limit ope'ation to relatively weak undulator fields in order
quiver velocity (- /z.,) velocity. The laser power output has been mea- to prevent self-oscillation. At shorter wavelengths, espe-
sured at - 3 MW corresponding to an efficiency of A iercent, and tun- cially in the submillimeter wave regime, the lower growth
ability in the 90-170 GHz range has been achieved with a narrow line-
width (A k/). < I percent). Using a new technique. linear small-signal rates can seriously constrain quantitative measurements in
growth rates have been unfolded from the oscillator startup delays. an amplifier mode 141. and the lack of suitable high-power
Excellent agreement is found with three-dimensionl snmall.signal cal- signal sources is another obstacle. The evaluation of the
culations for both the spatial growth rate and the re sonance frequency. growth rate from the startup time. on the other hand. can.
One-dimenslonal theory was found to predict shorter wsvelength laser in principle, be applied to a free-electron laser oscillator
output than that observed. operating in any regime as long as the start of the inter-

action can be established and experimental conditions re-
1. INTRODUCTION main relatively stable since the oscillation start time can

A novel method of extracting free-electron laser growth be controlled independently of the growth rate by adjust-
rates from the regenerative gain in an oscillator I] is ing the cavity quality factor. In a tunable oscillator, the

described. The method is based on the time lag between frequency dependence of the gain can also be studied. A
the onset of the interaction and the rise of the laser output similar approach adopted at NRL [5] suffered from the
level to a predetermined small, but detectable, level. We lack of a well-defined beam current turn-on on the accel-
report data obtained from a Raman FEL- oscillator pro. erator. An earlier attempt to study the time dependence of
ducing several megawatts of millimeter WYave radiation the FEL gain function found qualitative agreement with a
with a narrow ( s I percent) linewidth from a 49.5 cm simple ID model 161.
long bifilar undulator of 1.45 cm period. A pulse-line ac-
celerator provides the intense ( 1 kA/cm- ) electron beam II. EXPERIMENTAL SETUP

of 150 ns duration which is long enough to produce am- The oscillator configuration is shown in Fig. I. The
plification over approximately 19 radiation passes in the 600-800 keV electron beam is generated by a Physics In-
1.2 m long Fabry-Perot resonator. The voltage stability ternational 220G pulse-line accelerator with a 150 ns du-

ofIfaccelerator pulse is an important factor in obta-inn ration. Electrons are collimated into a 2.5 mm radius solid
good-data.using this method. cylindrical beam by an aperture on the anode axis which

The small-signal linear growth rates of Up to 115 dB/m provides a good filling factor ( -65 percent ) in the 6.16
magnitude obtained from the startup delays were exam-inedove a iderane o paameersandcomare tothe mm inner diameter drift tube. A 9.45 kG axial field em-
ined over a wide range of parameters and Copared to the ployed to guide the beam through the interaction region
results of a three-dimensional calt:ulation 121 with very allows operation well removed from "'magnetoreso-
good agreement. It was found that .4ne-dimensional the- n kov, where ki) = 2r/ Xl, X0 is theory is inadequate for describing our F tlL , e perim ent nance" I eB1 / 'ymc = o ,,w e ek 2 ! h , 0i h
oryhihus deuate for escribiun ulr fiel n ml di-undulator period, e and n,. are the electronic charge and
which uses a short period undulator fiel and ii small di- mass., respectively. B11 is the axial field. = (I -

ameter waveguide. We also report mea.surenients of the - , ',: i t1 2/c-)- 1 , till is the electron axial velocity] at B, 16
coupling loss factor appropriate to the l~aman traveling- kG. This enables operation with Group I stable electron
wave FEL interaction. orbits [7]. The normalized parallel momentum spread of

Previously, direct measurements of the gain in a mildly the electron beam was found experimentally to be - 1 /2
relativistic Raman FEL amplifier have been reported [31 percent 18], thereby satisfying the Raman cold beam cri-

terion of ( 6-y/y), < I/N = 3 percent where N is the
Manuscript received October 17. 1986: revised APl 3. 1987 number of undulator periods.
The authors arc with the Plaima Physics Laboratory. Columbia Univer-

sity. New York. NY 10027. The FEL interaction length could be varied by dumping
IEEE Log Number 8715776. the electrons to the drift tube wall at any position along

0018-9197/87/0900-1594$01.00 © 1987 IEEE
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Pig. I• Schematic of free-electron laser oscillator.
o

2.0 2.5 3.0 3.5 4.0 4.5
WAVELENGTH (mm)

its length by deflecting the guiding field with an iron piece. (a)
Witness plate shots revealed that the beam remained well
defined until its impact with the wall so that the beam too. h*1:9116O0PAm,20 2S1pAm

length could be accurately controlled to within ± 1 cm. M.,h,2: : 106 #am, 2,:400m

Beam transport measurements were made for all the pa- oo Ju1-'1,
rameter values of interest in the experiment to enable an Z :1oC

260- irnnraccurate comparison to predicted laser performance. Far- .
aday cup measurements showed a decrease in the amount T

of beam current transmitted through the system length due =4o
to the proximity of the drift tube wall as the electron quiver t "
velocity is increased either by raising the undulator field 20-

at constant electron energy or by decreasing the energy at
0a fixed undulator strength. The decline in the beam cur- 0.0 1.0 2.0 3.0 4.0

rent is initially gradual for v / v, < 0. 11, after which it WAVELENGTH (mm)

abruptly falls to zero as v, / v, is increased to 0.15. N
Fig. 2. Output mirror (M2) characteristics. (a) 6 8b mm thick crystalline

The bifilar helical undulator has a constant-amplitude quartz plate. Ib) Woven wire mesh (#1) with periodicity g = 1.6 mm
length of 49.5 cm with a 1.45 cm periodicity and 7.3 cm and width 2a = 0.28 mm and strip-mesh 1#2) with g = 1016 pm and

adiabatic entrance and exit taper regions. The drift tube 2a = 400 pm.

flares out at either end and is terminated at the laser mir-
rors; an annular polished brass step (M1 ) with an approx- the multiple-shot mode, and slight shot-to-shot fluctua-
imately 65 percent reflectivity at the upstream end im- tions in the diode voltage could not be completely fac-
mediately following the anode and partially transmitting tored out, resulting in a broadening of the observed line-
flat reflectors at the downstream end (M2). The down- width so that the actual laser output would correspond to
stream reflectors consisted. alternatively, of metallic AX/X < 1 percent. The output rapidly grows to mega-
meshes and a crystalline quartz plate. This allowed the watt levels as the undulator field is increased further. At
reflectivity there to be changed from about 5 to 82 per- a particular high undulator field value (650-900 G). the
cent, enabling direct control of the feedback and the laser power abruptly falls to zero. The lower and upper bounds
startup time. Mirror transmission characteristics are ob- on the transverse magnetic field between which oscilla-
tained using standard analytical treatment, and the results tion occurs depend on the operating parameters of the
are shown in Fig. 2 for the different types used. The os- laser. and in particular, they are found to correspond to a
cillations in the quartz plate reflectivity are caused by in- threshold growth depending on resonator losses and a
terference from its two reflecting surfaces. These calcu- nearly complete disruption of electron beam transport as
lations have been verified using a CW test source (9]. The mentioned above, respectively.
laser radiation, after considerable attenuation, is picked Typical FEL oscillographs are shown in Fig. 3. The
up by a crystal detector placed -2.5 m in front of the diode voltage pulse (as well as the electron beam current)
output window, rise time is very short ( < 10 ns) and its top remains flat

( <2 percent) for 150 ns. After a certain delay t, deter-
III. OSCILLATOR OUTPUT CHARACTERISTICS mined by the FEL gain and resonator losses, the system

When the undulator field is raised above a certain begins to oscillate, with the power increasing within one
threshold level (300-400 G), coherent output from the cavity roundtrip time 7 ( = 8 ns) to saturated levels where
FEL at millimeter wavelengths is observed [10]. The line- r = 2L~/c and L, is the distance between the mirrors Ml
width of the radiation corresponding to the upper FEL and M2. Occasionally, "mode-locked" spikes spaced 8
intersection, as measured with a grating spectrometer [11] ns apart are also observed. The FEL power persists for
(resolving power < 100), is about 1 percent, signifi- <60 ns regardless of the start time and then decays with
cantly narrower than the superradiant emission width of the characteristic 1-3 ns decay time of the cavity.
about 10 percent [12]. The FEL spectra were obtained in The reason for the premature turnoff of the FEL pulse
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Fig. 3. Typical FEL oscillator oscilloscope traces. Upper trace: diode

voltage ( 120 kV/div.): lower trace: (a) FEL output, showing mode
locking and "start time'" t,: (b) electron beam current ( 100 A/div.).
The rapid oscillation on the beam current signal is an electrical transient
relating to the grounding of the Faraday cup: the transient varies even
on identical shots and Is not seen in the total beam voltage or diode
current signals: therefore, it does not correspond to an actual fluctuation
in beam current.

is not fully understood, but it appears to be unrelated to t0o
the dynamics of the electron beam generation as all por- UNOULATOR F2EL (G)
tions in time of the beam can be made to support oscil- (a)
lation. A possible explanation is arcing inside the cavity
due to the high electromagnetic power levels, and a pos- Io0

sible location would be the small hole in the upstream
metal mirror MI through which the electron beam passes FundmenitI

or near the end of the solenoid where plasma is created 1.I. (1ZOHI

by the electrons dumped to the drift tube wall. Open-shut- /, .
ter photograph), at the downstream mirror did not reveal io2

any flashing at that position. Sidtiband

Coupling of the electron synchrotron oscillations to the lot

saturated optical field has been predicted to produce un-
desirable sidebands in the FEL power spectrum [ 13]. Such
sideband power has been recorded in our experiment at o .. ...
the high undulator field strengths required for saturation. UNDULATOR FIELD (G)
A method for controlling the sideband frequency shift in- (b)
dependently of the laser output at the fundamental fre- Fig 4 FEL power output as a function of the undulator strength with X,
quency by means of reducing the electron pulse slippage = I 451 cm. E = 700 keV. and B.. = 9 45 kG. Maximum radiated

power - 3 MW. (a) Total power. (b) Output at fundamental and side-
was also successfully demonstrated [ 141. band frequencies, as recorded by a diode detector, in mV. Attenuation

I - -60 dB) is provided by spatial separation et transmitter and receiver
IV. POWER AND EFFICIENCY ( - 31 dB). together with a calibrated attenuator.

The total power output of the FEL is measured with a
calibrated crystal detector mounted 2.42 m directly in power level increases with the undulator field, it should
front of the laser output window. The power distribution be remembered that the signal has not been spectrally re-
was found to be isotropic with respect to the polarization solved. Spectroscopy revealed that not all the power oc-
angle of a wire grid placed in the path of the radiation, as curs at the fundamental FEL frequency, and that above
would be expected of circularly polarized radiation am- 650 G, the fundamental saturates in intensity and there is
plified by the right-hand circularly polarized undulator. a strong tendency for powerful sidebands to develop as
Standard radar formulas were used to calculate the iadia- the undulator field is raised further, which accounts for
tion patterns of the laser output and detector receiver an- the persisting exponential trend [Fig. 4(b)]. As much as
tennas, giving a saturated power level of - 3 MW. This half of the total FEL output is observed to appear in the
number has been independently confirmed by calorimetric lower frequency sideband at B. = 870 G.
measurements. The scaling of the total power with the The electronic efficiency q of the uniform undulator
undulator field is shown in Fig. 4(a) for the case of a 700 free-electron laser, defined as the power extracted as elec-
keV beam and a 9.45 kG guiding magnetic field. Al- tromagnetic energy relative to the initial power of the
though the exponential trend indicates that the saturated electron beam, prior to the onset of the sidebands, is found
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to be 4 percent. The theoretical maximum efficiency 7, 4.00- -30 Theory

given by [15]
3.

ko (I)".
• ,,.. ..

where wp is the invariant plasma frequency, which has ,
been estimated from the beam current measurements to be ""

1.94 x 10 1 rad/s for ' = 2.4, predicts n ., = 6 percent 2 2c), 1...
as the upper limit, so that observed efficiency is close to '..t " "
the saturated maximum governed by electron trapping in1. o
the ponderomotive potential wells. It is also in excellent 56 64o ,4' 0 6;0 r 84
agreement with the results of a nonlinear simulation which ELECTRON ENERGY ( Y)

included the effects of finite beL..n emittance carried out Fig. 5. Free-electron laser free.space wavelength measured with a grating
for the Columbia FEL parameters [ 161. spectrometer as a function of electron energy with Xn = 1.45 cm. 8 -

650 G. and B, = 9.45 kG. The curves correspond to one- and three-
dimensional calculations of the wavelength of peak growth for the TE,,

V. FREQUENCY TUNING mode.

The tunability of the fundamental FEL wavelength was
demonstrated by varying the electron energy. In Fig. 5 of the FEL instability and comparison to linear (small-
are plotted the results of observing the upper FEL output signal) theory.
frequency as a function of the diode voltage using the Fig. 6 shows in schematic form the time evolution of
grating spectrometer with a 650 G undulator field. The the electromagnetic power stored in the cavity. When the
data points correspond to operation from 90 to 170 GHz FEL gain per pass is made to exceed the total roundtrip
when -1 is changed from 2.1 to 2.6. Oscillation at wave- power losses, oscillation sets in [Fig. 6(a)]. However. by
lengths corresponding to minima in the quartz mirror re- controlling the gain and/or losses, the time t, it takes for
flectivity (Fig. 2) were not observed due to reduced feed- the power to build up from the initial cavity noise level
back. The agreement with the results of the 3D code for Po to reach a particular reference power level Pd can be
a TE11 mode. which is the only waveguide mode which varied over several bounce periods r as shown by the
couples to the beam space charge line for the conditions dashed line in Fig. 6(b). Fig. 6(c) illustrates the variation
of the experiment, is very good. Also shown in the figure of the power of a slice of the electromagnetic pulse trapped
is the calculated resonant frequency using a one-dimen- inside the resonator. Starting at the upstream end at the
sional model [ 17], which is found to predict shorter wave- background noise level P,). the power first grows with the
lengths than those observed. This is because in the short- net growth rate r" over the length L of the undulator where
period undulator (kor - I), the radial variation of the r, = r - Cx/2 and r is the FEL small-signal growth
undulator fields is not negligible. Off-axis electrons there- rate and ad is the power absorption per unit length in the
fore experience a stronger net undulator field, which en- drift tule. Upon exiting the undulator. the power level
hances their transverse motion at the expense of the res- droops due to further attenuation in the waveguide before
onant frequency. A transition to reduced beam current it reaches the downstream mirror M2. Here a fraction T,
transmission through the interaction region at low elec- is lost due to transmission through the mirror and the rest
tron energies occurs in the range 620-660 keV and ac- is reflected back. suffering drift tube losses over the entire
counts for the break in the theory curves for which con- cavity length L, as there is no amplification of a back-
stant beam current was assumed. ward-traveling wave in an FEL. Once at the upstream

In addition to the "FEL" radiation at - 2.5 mm, the mirror MI. another fraction T, is radiated out. and of the
oscillator also produced tens of kilowatts at - 8 mm. This remaining energy, only I/tn2 couples back into the grow-
results from the "lower intersection" of the beam line ing EM mode where m is the total number of modes
with the TE11 waveguide mode. Since v!,/Xo is less than present in the system. Thus. the net laser roundtrip power
the waveguide cutoff frequency, the microwave branch is gain G can be only slightly above the oscillation threshold
also a convective instability. For the small-signal studies of unity, even though the undulator power gain e r'(I may
which follow, we expect no interaction between the mi- be substantially greater. The process bootstraps, with the
crowave and millimeter wave branches. The microwave signal level starting for the next pass at GPi, instead of Po,
radiation can be eliminated by replacing the upstream re- resulting in exponentiating power over many bounces un-
flector with a "Bragg" (tuned) reflector. til the power saturates at some high level and the FEL

growth rate falters.
VI. FEL GAIN MEASUREMENT FROM STARTUP Thus, the free-electron laser spatial growth rate I can

Taking advantage of the delay of the onset of the os- be unfolded from experimental studies of the variation of
cillator power relative to the diode voltage, a new method the start time as either the cavity losses represented by T,
[1], 151 of determining the free-electron laser growth rate Ind T, or the factors influencing the laser gain. such as
has been devised. This makes possible a parametric study the undulator strength B,. interaction length L, axial field
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Fig. 7 Obscrved dependence of FEL output start time and amplitude onundulator field. In each oscillograph. the upper trace is the diode voltage
(c) .2act and the lower trace is the oscillator pulse. (a) B = 390 G. (b) 8 =

e 430G (c) B, = 600G.

.re, diffraction. Diffraction occurs at the downstream end of
T, the cavity due to the geometry of the mirror mounts used,
............... and is therefore different for the particular mirror used at

.Lc .2L/c MI. These losses are calculated using standard Gaussian

0/wave propagation analysis and are found to be - 70 per-

inside f cent for the quartz mirror and -0 percent for the meshmirrors 19]. In the weak pump Raman regime i15J.m=
Fig, 6. Evolution of an optical pulse ,nsidc the FEL resonator mirs[9.Ithwekp pRa nrgmeIS)m=2. representing the exponential growing mode and its con-

jugate decaying mode. so that
B j, beam current I. or the electron energy . are changed.
In the experiment, the reference cavity power level Pd is P (2 - [a, 1L)
chosen to be that which results in a laser output corre- P0 4
sponding to the threshold level of the detection system as
determined by the detector responsivity. free space atten- + exp (-2rL - 2aL,) (3)
uation. and any additional attenuation used in front of the )

detector. Henceforth. in describing the oscillator output, where L is the interaction length. Combining all the loss
the term "threshold" will be used in this sense of the terms together, taking logarithms, and writing n =
detection threshold rather than the lower oscillation = ct,/2L. (2) becomes
threshold, unless specified otherwise.

Fig. 7 illustrates the effect of gradually increasing the L 1
undulator field on the observed start time and amplitude "FL = -Iln (PV/P) - -ln IR,.( - A) (1 - D)/4]
of the FEL output. As B. is raised above the threshold
level, the FEL signal first appears at the end of the voltage (4)
pulse and then proceeds to occur at earlier times. finally where RI and R, are the power reflection coefficients of
starting after one bounce time of 8 ns at high undulator the laser mirrors. A is the roundtrip waveguide attenuation
strengths before beam disruption ensues. loss (A = I - e- 2 " " ). and D is the diffraction loss de-

Writing G, as the net power gain (including distributed termined by the cavity configuration. In (4). the contri-
losses) per pass of the ith axial electromagnetic mode. the bution of the decaying mode to the total cavity power level
total regenerative power gain over n bounces in the cavity represented by the second term in (3) has been neglected
G, to reach the threshold power level PF, is since for operation above threshold, it is less than 2 per-

Pd I 1" ( cent when compared to the growing mode. Also ignored
G, 7' Z G, (2) is the superradiant amplifier mode of operation of the laser

M (corresponding to n = 0). as the single-pass amplification
where ct, is the total lumped cavity power loss factor. The is assumed to be small compared to the power detection
distributed loss is caused by the waveguide attenuation, threshold in the experiment. Further simplification occurs
while the lumped losses include mirror transmission and when the waveguide loss term is combined with the up-
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stream mirror reflectivity since both of these depend on RADIATION BOUNCES

the overall system design and remain unchanged. Simi-
larly, the diffraction loss occurs at the A o t5 pD ... th
downstream mirror and can therefore be combined with rr6o-00
its reflectivity. Therefore, heauoR(5

rL = hIn (Pa o ) - In (RR'I4) (5) 00

where R' R ( u - A) Re-el and R R,( I - D)ntbly
can be considered the net reflectivities of the two mirrors.
Calculated values for the loss factors give A = 0.45, D byEletthea Be uration

0 and 0.72 for the meshes and the quartz mirror, re- .1 012.00

spectively, and R = 65 percent at the typical 2.5 mm/

operating wavelength of the FEL the value of R ( -5- (2

82 percent) is obtained according to Fig. 2.RAITO B UN E
The inverse linear depen c of the ne start time t, on the 2 54 3 2 1

single pass growth factor L (5) can be eploited to obtain
an indirect measure of the free-electron laser instability "b)

trowth rate f. It should be noted that the effect of uncer- heoo-utu,0r,--.
tainties in the cavity loss estimates is mitigated by the e ,, t....
appearance of R and R' inside the logarithm in (5). Since v . 70 y .. E prth----
the threshold level Pd is chosen to be substantially lower0

than the saturated power level, the experimental methodq nhm
results in a measurement of the linear small-signal growth a o
rate, regardless of whether the laser is driven to saderation
or not. or fcrn8 Orln

0.0 2.0 4.0 &,0 0.0 1o2-0 14.0 16.0

A. Gain as a Function of Undulator trength lt owor e)

In I D free-electron laser theory, the small-signal growth iNh
8.ate rizonirctl erorrinat the dua nsr fier Fig. 8. Plot of I/, is 8j using the quartz output nrrn r, with ,,
taityr in dredin po t nl sta time from th e ld ; 1.451 o p. L = 49th prtm. and 8, 9.45 kG. The vertical dashed ine
in 3D theory. the proportionality is not exactly linear. but mdicates the end o the diode voltage pue i o t t = 5o ns. ra Dode

approximates one for moderate quiver velocities [ 8g. As- voltage. E = 700 keV with AEsE 2 percent. h E = keV atth
suming r = KB, where AEIE - 5 percent.

K a s t e[ in (6) undulation using the quartz window as the output mirror.a evca dThe expected linear dependence ot ar t,e oe n B is ver
is a constant, (5) can be rewritten in the form evident in Fig. 8(a) and the standard de% iation of the data

cavity,1 ] points as found by repeating each measurnvnt several
B.c gowt L ra In (PaP) In (RR'4) . (7) times is much less than the errors bar slum i. The scatter

K =0o a of the data is much greater for the case of a rippe d diode
According to (7), the start time should be inversely pro- voltage and increases for short t, (high B.. The free-
portional to the applied undulator strength. electron laser spatial growth rate for thrcelhold oscillation

Experimental plots of B, versus I It, are shown in Fig. can be found from the intercept on the en i r which.
8. The horizontal error bars indicate the +_4 ns uncer- according to (7). is ]IIn (RR'/4)/2K 1. ,and knowinlgR

tainty in reading off the start time from the oscilloscope and R', the proportionality constant K. id hence '. call
photographs. Since both the diode voltage and electron be found. The determination of the growth rate from the
beam current turn on is very rapid and well defined [Fig. intercept somewhat relaxes the con! traint on] the variation
3(b)], any systematic errors in the determination of t, are of the electron energy. since even for the rippled diode
assumed to be negligible. The vertical dashed line indi- voltage run. the data points are seen to converge to an
cates the end of the diode voltage pulse at t, = 150 ns unambiguous value at large t, [Fig. 8(b)]. It is important.
which corresponds to about 19 radiation bounces in the however, that the variation of the voltage. if" any. be of
cavity. the form of an oscillation about some mean value and not

A constant growth rate is assumed in (7) in the interval a monotonic change.
t = 0 to t, as the power builds up and is therefore valid Examples of the r = KB, curves obtained in this man-
for a very flat diode voltage pulse. Fig. 8 shows the re- ner are shown in Fig. 9 for two different electron ener-
sults from both a constant voltage (A VIV _< 2 percent) gies. Good agreement is obtained with the calculated
run and one where the diode voltage had a - 5 percent growth rates for the TEIl mode. The experimental win-
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D. THEOAY cillation threshold value there. The flattening of the curve
- 0.16 - EXPERIMENT at L - 50 cm represents the physical end of the undulator,G00KV,IOOAV .

0.14- ?00XV, OOa..-- i.e., moving the deflector beyond that point does not in-
i012 . / crease the length of the interaction region. As with Fig.

o 8(a), the scatter of the data points is negligible for con-
stant electron energy shots.

0.08 IIf the substitution m = 2 is not made in (2), the ex-
pected intercept Lh on the 1 It, 0 axis can be calculated

oo4 ,3 from

s
/

I I I
o 2o 0o ooaoo oo -h= -- In l-I(8)

UNDULATOR FIELD (GI 2F in
Fig. 9. Peak free-electron laser growth rate versus undulator field. The

solid lines are the experimentally determined r = KB, curves for E = where r is the theoretical single-pass growth rate inde-
600 and 700 key. The dashed lines are obtained from a three-dimen- pendent of m. Different m would correspond to the differ-
stonal calculation for the TE,1 mode. Group I electron orbits. h. = 1.451
cm. B, - 9.45 kG. ent number of convective modes between which the re-

cycled electromagnetic power is shared in the traveling-
dow is bounded by the usual oscillation (detection) wave system. In our analysis, we have assumed only one
threshold and beam disruption limits. The lower threshold with a purely growing amplitude, but there can be a num-
in both cases is found to correspond to r = 0.06 cm- ber of additional modes with oscillatory or decaying prop-

and the upper cutoff occurs when the beam current falls agation factors. Thus, the available power is divided upbelow 100 A and is probably expedited by thermalization according to the number of modes present, and the factor

of the electron beam at high undulator fields. In the the- in2 represents the coupling loss which reduces the overall
oretical treatment. the beam is assumed to be initial ly amplification in the FEL. The predicted intercepts for mnonrcticeatmet, hebe is assudmedo bxeienitl = 1, 2, 4. and 8 are also shown in Fig. 10 from whichmonoenergetic, which is found from'previous experimen- the data are seen to conform t' m = 2 assumed earlier.
tal measurements 181 to be a good approximation even atthdaaresntocfrmo =2suedali.
tmerasuemet high 8]to belgd. aThis is consistent with theory in the case of the weak pump

Raman rebime which is the operating regimz of the ex-
periment.

B. Gain as a Function of Interaction Length and That the electromagnetic waves are launched with an
Coupling Loss equal magnitude at the outset for each of the different pos-

The gain measurement technique described in the pre- sible modes is a result of including the boundary condi-
vious section in reality applies at only the threshold B, tions in the traveling-wave analysis of the FEL. There-
value where the intercept in Fig. 8 is measured. At dif- fore, the coupling loss phenomenon is an important test
ferent undulator fields, the growth rate has been extrapo- of the theoretical model where it is equal to the number
latmd using the 1' KB, approximation, and the discrep- of solutions of the dispersion relation. In addition, it is
ancy caused by this can be judged from Fig. 9. An important in the practical design of both free-electron laser
extension to the method of measuring the FEL growth rate oscillators and external signal amplifiers where the net
which is not limited by any scaling approximation is to system gain is reduced by the I/n 2 factor. No systematic
vary the interaction length and the undulator strength effort of uncovering the experimental coupling loss factor
simultaneously so as to always obtain oscillation at the had previously been undertaken. In this experiment. al-
threshold level (or any other subsaturation reference power though the growth rate and the coupling loss are not in-
level). This does not result in a measurement of the elec- dependently determined, their mutual agreement with the-
tric field growth rate only at the threshold value, since the ory is excellent.
,crowth rate can be varied over a wide range as long as the As a further test of the relevant coupling loss parame-
interaction length is also adjusted to keep the net power ter, the threshold undulator field at different interaction
gain at the detection threshold. lengths was determined. This is equivalent to observing

From (5), it is seen that the start time varies as I /L the inverse relationship between the growth rate r and the
provided the growth rate (or B, ) is the same. In the ex- interaction length L at constant start time t, in (5). The
periment, the interaction length L is varied by the use of choice of the reference start time is arbitrary, and t, = 00
the field deflector (Fig. 1, with which the length of the corresponding to the threshold where the oscillation con-
electron beam inside the undulator can be changed to dition (G = I ) is satisfied is taken for convenience since
within ± I cm. An example of the observed variation of the ratio P/Po in (5) is then not required. In obtaining
I/t, with the interaction length is plotted in Fig. 10 where the data, t, = 150 ns, corresponding to the oscillator out-
the linear dependence is again obvious. The interaction put reaching the detection threshold at the end of the diodft
length has been defined as the region of uniform B, voltage pulse. was substituted for I It, = 0, contributing
through which the electrons pass; the end taper lengths a negligible error. The data are plotted in Fig. I I and the'
have been ignored as the field rapidly falls below the os- different theoretical curves relevant to different coupling
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Fig. 10. Plot of I/t, versus interaction length L using the quartz output
mirror, with E - 700 keY. B. - 650 G. B, - 9.45 kG. and ,) = 1.451
cm. The lower horizontal axis indicates the t, = oo intercepts calculated
for the same parameters with the 3D code for different coupling coctfi-
cient m.
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Fig. II. Threshold undulator field as . function of interaction length L UNOULATOR FIELD (G)
using the qu.rtz output mirror, with E = 700 keV. 8,- 9.45 kG. and Fig. 12. Experimental and calculated free-electron laser linear growth rate
Xo = 1.451 cm. The theory curves correspond to different coupling coef- versus undulator field for E = 700 keV. 8, = 9.45 kG. and X, = I 451
ficient m. cm. The theory curves are for the TEE, mode.

losses are also shown for comparison. The experimental due to deteriorating electron transport at high undulator
results agree well with the m = 2 curve even at the highest fields.
undulator fields possible, indicating that we remain in the
weak pump regime. The transition to the strong pump re- C. Gain as a Function of Mirror Reflectivity
gime is accompanied by the appearance of a third oscil- In (2), Pd is the cavity power level which results in the
latory mode so that the coupling loss factor should in- smallest detectable signal at the position of the detector.
crease to 9. This factor depends on the output coupling of the laser.

As mentioned earlier, the FEL growth rate at different the attenuator chain in front of the detector, and the de-
undulator field values can be obtained directly by com- tector sensitivity itself. To make this dependence more
pensating for the effect on the power gain by appropriately transparent, we write Pd in terms of P", the actual mini-
changing the interaction length. Once Lh at different B., mum amount of power striking the detector element which
has been determined, r(B,.) can be obtained from (8). will give a measurable output where
Fig. 12 illustrates the experimentally obtained growth
rates using this method, as well as the one- and three- = PdTT,,TI (9)
dimensional calculation for the same parameters. The ex- and T, is the transmittivity of the laser output mirror, T
perimental points track the theory curves well, and al- is the transmission through the attenuator, and T is the
though the distinction between the two curves may not be free space transmission into the detector receiver antenna.
readily observable, the agreement seems to be better for Neglecting absorption in the mirror M2. 7', = I - R,.
the three-dimensional case, especially for conditions near The attenuation needed to reduce the laser output to levels
threshold where the data are more reproducible. The mea- within the linear response range of the detector T,, is
surements are less reliable near the beam propagation limit - 17.7 dB. The free space propagation factor T can be
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calculated using the standard radar formula g RADIATION BOUNCES

T, G G2 (10) -

w e G, = 28.5 dB and G, = 22.0 dB are the power
gain factors for the laser output and the detector receiver 16 -1
horns, respectively, and r = 2.42 m is the distance be- 400 +

tween them. For a 2.5 mm wavelength, (10) gives Tf = ,
-31.2 dB. 92oo

Substituting (9) back into (4) or (5), we get LE.ciron Beom Owotlon

r_____ 0n0 2.0 4.0 6.0 8.0 104 12.0 14JD 16.0L Lct, IP0( I - R,) T. f 1/6(1070)

I [RR, ( -D) (a)
2 In ( ) RADIATION BOUNCES4 .015 4 3 21

which explicitly brings out the dependence on the laser
output mirror reflectivity R2. Since both P, and P0 are
constants representing the detector responsivity and the 6oo.
initial cavity noise level which should not vary greatly
from shot to shot, the functional dependence of the start oo
time on the output mirror reflectivity can be studied. I

The three different output mirrors used in the experi- .,

ment had net reflectivities (including diffraction losses) at
the operating wavelength of approximately 5, 35, and 82 E,, B.Ol Bootm Our *IIon

percent, respectively 19], making possible relatively large C o m soiton 1 16.0060 2. A40 8.0 10.0 Z14)6.changes in the laser resonator quality factor to be studied. V,,(1071")
In Fig. 13(a) and (b), the inverse start time versus the (b)
undulator field with two metal mesh mirrors used at the
downstream end is shown. The dashed curve is not the RADIATION BOUNCES
best fit straight line. but the theoretical determination of 000 o 3 2
t, from (1I) and the 3D code, with the cavity losses cal- .
culated as mentioned earlier and the ratio P/Po found ; 600
from the slopes of the experimental plots (Fig. 13). Also -,
shown [Fig. 13(c)] for comparison is the case of the h.

quartz mirror and the corresponding theory curve. Excel-
lent agreement is found between the observed and the cal-
culated start times in all three cases with widely different Z 200
net reflectivities.

A variation of R, manifests itself in a change in both 0.-Eliron Btom urolson

the co, = intercept and the slopes of the plots in Fig. Wo 2.0 4.0 6.o 8.0 100 12.0 14D 16.0
13. This is because of the appearance of R2 in both terms /t, (It ')
of the right-hand side in (11) where the first term de- (c)
scribes the power transmitted through the output window Fig 13 I/1, versus B, with different output mirrors and E = 7K keV,

B = 9.45 kG. and A, = 1.451 cm and output mirror (a) mesh I. dI)of the laser and the second governs the buildup of power mesh 2. and (cI quartz. The dashed lines are obtained from a 3D calcu-
inside the resonator. The effect is evident in Fig. 13; as lation with the ratio P,'1/P, in (11) determined from the average slope of
R = R, ( I - D ) increases from - 5 percent for the quartz the experimental plots and m = 2.

to - 82 percent for mesh 2, the intercept decreases, in-
dicating the decreasing undulator strength needed to build The effect of the downstream mirror reflectivity on the
up power to the threshold level inside the cavity because oscillator start time is illustrated in Fig. 14. The theory
of the enhanced feedback. At the same time, the slopes curves are derived in the same manner as in Fig. 13. The
of the curves increase as the smaller fraction of the cavity output mirror reflectivity includes the diffraction loss
power transmitted to the detector through the mirror af- there, which is nonzero only in the case of the quartz mir-
fects the time required to reach the detection level. For ror. The three different mirrors provide a means to study
the meshes, the two opposing effects are seen to balance the effect of low, moderate, and high net reflectivities.
each other at B, = 600 G, with the mirror reflectivity The experimental start times at each given undulator field
dominating at lower B, and its transmissivity important are found from the least squares straight line fit to the data
at high fields. in Fig. 13. The slight variation in the free-electron laser
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can be calculated from classical electrodynamics [19].
I However, at the abrupt turn on of the diode voltage pulse

at t, = 0, the background noise level is expected to be
' high because of beam current noise. A 100 W effective

o ".noise level would correspond to an electron density per-
.o .turbation of bn - 0.02 percent only via the ponderomo-

000 "-tive force which is low even for the high-quality beam
employed.

Experiment . • 'Laser startup from the transient beam noise also ex-
Quartz - A.I plains the lack of a second FEL pulse after the first one

. Mash *1 t
* Mash *2 WI =  has been quenched. For high undulator field shots where

o iTpr,----. ___ the initial start time is very short, the FEL oscillation ends0 6o 46 60 so 100
OUTPUT MIRROR R bFLECTIVITY. R1%) within 60-70 ns. leaving a comparable amount of time for

Fig. 14. Dependence of the oscillator output start time t, on downstream the cavity power to exponentiate again before the diode
mirror reflectivity Rat different undulator field strengths B . The dashed voltage falls. However, such secondary pulses are not ob-
theory curves are calculated in the same manner as in Fig. 12. The ex- served. The beam noise initially present decays out of the
perimental points are obtained from the best fit straight line to the data
in Fig. 12. cavity in the characteristic time

XQ
fundamental frequency with undulator strength. as found rc = (13)
from the 3D code, accounts for a small change in the cal-
culated reflectivities of the mirrors and is visible in the where the cavity Q varies from 700-2000 depending on
figure. The singularities in the theory curves at R = 0 and the kind of mirrors used. Thus, the high noise level is
100 percent are a consequence of zero feedback and out- available only in the first - 3 ns of the voltage pulse and
put coupling respectively. If R = 100 percent, no amount drives the laser oscillation to high output levels. At the
of power is transmitted out to the detector, and t, is there- end of the FEL pulse, the beam noise is no longer present,
fore infinite. On the other hand, if R = 0, then there does, and the spontaneous noise level is too low with the given
in principle, exist a threshold gain r, below which t, = growth rates and cavity Q for the laser power to build up
oo, but above which the single-pass (n = 0) growth of to the detectable level Pd within the time remaining in the
the background noise is sufficient to overcome external diode voltage pulse.
attenuation and give a measurable signal at the detector.
This threshold is easily calculated from (11) to be I', = VII. CONCLUSIONS
[In (Pd'/Po T T.) ]/2L and is found to be - 0. 1 cm- for In summary, quantitative measurements of the radiation
L = 50 cm and P',/P0 obtained experimentally (see next characteristics of the Columbia Raman free-electron laser
section). From Figs. 9 or 12, this corresponds to B. - oscillator have been made. These include spectral analy-
650 G for a 700 keV beam. Thus, for the B,. = 700 and sis of the laser output and a direct measure of the FEL
800 G curves in Fig. 14, the singularity at R = 0 does not instability growth rate and coupling loss factor obtained
really exist. This, however, does not affect the compari- from the temporal dependence of the oscillation start time
son to the experimental data. on various factors influencing the net laser roundtrip gain.

The excellent agreement over a large variation in un- In the experiment, a 600-800 keV. I kA/cm2 cold
dulator field and cavity configurations confirms the model electron beam drives a 50 cm uniform blfilar undulator
on which the previous time-dependent measurements were having a 1.45 cm periodicity to produce multimegawatt
based: the three-dimensional amplifier theory 121, the re- radiation output in the TEII mode at 90-170 GHz fre-
generative gain formula including the coupling loss factor quency with a 4 percent efficiency. Narrow linewidth ( _5 1
(4). and the calculated cavity losses. " percent) was observed prior to the onset of sidebands in

the saturated spectrum. By focusing on subsaturation
D. Cavity Noise Level power levels, single-pass linear growth rates can be ob-

The slope of the B. versus I/t, curves in Fig. 13 is tained from startup measurements and compared to exist-
A B L 1 ing theory. We report excellent frequency and growth rate

= Ls IK.J. (12) agreement with the three-dimensional theory of [2] over
A(It) cLK InP0(l - R2)T7. the entire parameter space experimentally studied and a

The approximate constant K = r/B, (6) can be obtained verification of the weak pump Raman regime coupling loss
from the 3D code. Therefore, given R,, T,,, and T, the factor. Although similar growth rates are predicted by
ratio Pd'/Po can be determined for the three different mir- earlier one-dimensional analyses, the laser frequency pre-
rors employed. With the known detector sensitivity, the dicted by ID theory is significantly higher than that inca-
initial cavity noise level P0 is thus found to be 10-100 W. sured. The 3D theory was found to correctly account for
This level is high, about 106 times the power available as the lowering of the FEL frequency caused by the finite
spontaneous undulator emission even at high B , which radial variation of the short-period undulator field.
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POWER AND SIDEBAND STUDIES OF A RAMAN FEL

F.G. YEE, J. MASUD, T.C. MARSHALL. and S.P. SCHLESINGER
Columbia University. New York City, NY 10027, USA

Power and spectral measurements are reported from the Columbia Raman Free Electron Laser experiment. High power pulsed
radiation (4 MW, 100 ns) is obtained at wavelength - 2 mm. using a 750 kV electron beam with I.,h current density and very small
( < %) momentum spread. We show the development of high power sidebands as the undulator pump field is increased, and discuss
a mechanism for control of the sideband wavelength. The FEL, configured as an oscillator, has been operated with both constant and
vanable penod undulators.

The sideband instability in free electron lasers is anode. The wavelength is tunable over the range of
driven by the coupling of the synchrotron motion of the 1.7-3.5 mm [2]. After a "start time" of - 50 ns, the
trapped electrons to the strong optical field. The beat FEL radiation pulse builds up to saturation level in
wave produced by the fundamental and the incipient roughly one pass (- 10 ns) in the resonator. and is
noise at the sideband frequency can resonate with the sustained at high (- 4 MW) level. The spectroscopic
synchrotron motion, leading to an energy exchange studies which we report on here were done when the
which feeds the sideband wave and the synchrotron power first reached saturau.n level. It was observed
oscillation at the expense of the carrier. This is also that when the undulator was operated at high field, the
referred to as a Raman effect, and for the longer sideband amplitude increased almost simultaneously
wavelength (Stokes) case. an electron absorbs a laser with the carrier.
photon and moves to a higher oscillation level in the The first rcsult we discuss shows spectra obtained
ponderomotive potential well, emitting a photon at lower with a 1.45 cm undulator. The first, fig. 1. shows a
frequency. This can lead to electron detrapping and a well-defined, narrow fundamental (or "carrier") at 2.45
disruption of the FEL mechanism. For the anti-Stokes mm. togt.1her with an incipient long-wavelength side-
case. a short wavelength sideband is produced, but there band at 2.6C mm. The linewidth of the fundamental.
is no enhancement of detrapping. In this paper we taking into account the spectrometer resolving power
report on some spectral measurements of sidebands, ( < 100), is roughly 1%; it may be even narrower, as data
obtained in a Raman FEL oscillator operating at high was averaged on a shot-to-shot basis and small fbctua-
power (- 10 MW/cm2) at millimeter wavelength. We tion in the accelerator voltage would '..cid additional
also show how the sidebands "ehhance" the efficiency
of the device, and report on some initial findings ob-
tained when the constant-period undulator is replaced .
by a slightly-tapered version (using identical geometry ,0 o.
and beam conditions). 4 0 0 i

The configuration is the same as reported in a recent -00 ov F

study of reonerative gain in this FEL [1. The electron /
beam energy is - 750 kV with current density - 1 I

kA/cm2 in a 5 mm diameter beam. The beam is guided 2001 ,
in a 6 mm diameter drift tube, which also serves as a 1001
waveguide in which the FEL radiation propagates as a I
TEtt mode. Feedback is provided by an annular metallic o
mirror located upstream, and a quartz plate reflector i 2 23 2.4 2.5 2.6 2., 2.0

located downstream. The undulators were 1 .filar helical Fig. 1. Spectrum obtained with a grating spectrometer. 700 kV
windings on a phenolic tube mounted on tht drift tube- beam. B0 - 945 kG. undulator period - 1.45 cm. with an
the windings were 60-70 cm long. and fields, B,) up to undulator field at 650 G. The solid lines are generated from the
1 kG were produced on-axis when the winding period data with a spline interpolation and the bars indicate maxi-
(!o) was - 1.5 cm. A guiding field (Bo - 10 kG) is used mum shot-to-shot fluctuation. The dashed curves are the ap.
to extract the cold electron beam through an apertured propnate single-pass linear growth rates from the 3D code.

0168-9002/87/$03.50 5 Flsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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observed line width. However, even at 1%, the line is o
much narrower than the spectrum of unstable wave-
lengths which can regenerate in the optical resonator: ; 1o1 (IZOGNI)7

the dotted line shows a theoretical growth spectrum, of
which a growth rate > 0.06 cm t is nec'.sary for net o./
regeneration; thus the spontaneous line width is - 15%.
The fundamental is positioned near the maximum of ,
the computed growth spectrum [3]. The laser resonator
will therefore support excitation of many axial modes, id"
but only one transverse mode (the TEnj) is excited. As 0 200 400 goo 0o0UNDULATORl FIELD |G)

the pump field is increased, well defined upper and Fig. 3. Peak FEL output power at the carrier and sideband
lower sidebands appear, and at high pump field, the frequencies as a function of the undulator strength.
long wavelength sideband has become comparable in
intensity with the fundamental (fig. 2). (The vertical
scale is calibrated in different units in each diagram.) is in good agreement with this formula (N, -
The sideband shift is about 6%, with the longer wave- 2N af-I - 1. and can be estimated from the power
length sideband dominant, output of the FEL). This formula also predicts that it is

In fig. 3 we show how the power in the FEL carrier possible to displace the sideband further from the
and the long wavelength sideband depends on undu- fundamental by taking the limit v - v: this eliminates
lator pump field. Beyond the threshold pump field, the the "slippage". Indeed, by increasing the undulator
carrier power saturates, whereas the intensity in the period and fundamental wavelength, we have shown
sideband grows exponentially in intensity. At the that the sideband displacement can be increased to
strongest pump field, it was found that the sideband ~30% [4]. Under those circumstances, the sideband
power was comparable to the fundamental. The ef- wavelength fell outside the spectrum of unstable FEL
ficiency of the FEL, based upon the intensity of only modes, demonstrating that the sideband is parasitic and
the fundamental line (e.g. fig. 1) is - 4%. which is in does not require a linear gain mechanism to persist.
fair agreement with a theoretical result computed in the This result is shown in fig. 4.
cold-beam limit [6]. The power of the FEL radiations was determined

The frequency shift of the sidebands is given ap- using a calorimeter located in the vacuum system out-
proximately by the following [4]: side the optical resonator. The calorimeter is fabricated

A N. I - V,/c from maycor (a machineable glass), in the form of a
N ihin-walled cone. Thermistors attached to the cone de-N 1- v/ "  liver a signal which unbalances a bridge circuit. The

where N is the number of undulator periods ( ~ 30). N,, maycor has virtually a 100% absorption for millimeter
is the ;lumber of synchrotron periods in the system
t - 1). v,, is the electron axial speed. and v, is the group
velocity of the EM waves in the waveguide. Taking 300 o
v,,/t'8 - 0.93. the observed sideband displacement, 6%. ,Theoretco,

250 Role0
500 0.0

oo-U.0.1010, FOei 870G !

400 \ . oo '
/ o'°  

e \5

00 01k Eerme/ \ ° I"-]i.o
/00. 11_._ o,o /o- o1 , "°°' °

I I 008 (.C20 T 0

0 I,01000. \ [004

O, 22 26 30 34 38 42 46 so
WAVELENGTH (mm)

0 0 Fig. 4. Spectrum of the FEL with a constant period undulator
22 2.3 24 25 7. Z7 28 29 )o (.85 cm) fr B, -7.3 kG. B, - 700 G. and 11= 780 kV.

WAVELNGTH immi howing sideband displacement to 4 mm when the carrier is
Fig. 2. Same as fig. 1. but with an undulator field of 870 G. shifted to 2 7 mm.

1I. HIGH GAIN EXPERIMENTS
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waves, determined on a test-bench setup. The calorime- zone. Measurements show that the tapered undulator
ter will respond to signals with intensity in the 10 ml FEL is producing power comparable with the constant
level. The FEL power was split so that a portion could period FEL, but the toal power output now shows a
be monitored by a detector, saturation at high pump field (unlike fig. 3); sideband

Next. we report some preliminary observations of power appears to be less significant.
power emitted from a tapered undulator. This was
designed with a ID code [51, and consists of a section
- 30 cm in length with constant period (1.45 cm) fol- Acknowledgement
lowed by a section - 30 cm in length with a gradually
decreasing period. The period was decreased roughly This research was supported by the Office of Naval
10%. The first section therefore provides the high Research, grant N00014-79C-07969.
small-signal gain needed for regeneration in the oscilla-
tor. while the tapered section is used to maintain reso-
nance of the fundamental radiation with the electron References
energy: a modest enhancement of efficiency was ex-
pected (the limitation is due to the fixed length of the
guiding field solenoid. - I in). The tapered undulator III J. Masud. T.C. Marshall. S.P. Schlesinger and F.G. Yee.
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Sideband Control in a Millimeter-Wave Free-Electron Laser
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The frequency offset of the sideband instability in a free-electron laser (FEL) should depend on
(I - v,/v,) ', where vq is the average longitudinal velocity of the electrons and v, is the group velocity
of the electromagnetic waves. We have tested the viv, dependence of the sideband shift in a 2-mm,
Raman-regime FEL oscillator. A change of vi/v, from 0.93 to 0.98. accomplished by an increase in the
undulator period, resulted in the measured sideband shift increasing from 6% to 40%. in approximate
agreement with theory.

PACS numbers: 42.55.Tb. 52.70.Gw. 52.75.Ms

Free-electron lasers (FEL's), especially in the mi- sideband instability should be completely stabilized.9

crowave (3 cm- I mm) range. have been demonstrated to For a waveguide we may write
be prodigious sources of power. Microwave FEL experi-
ments at Columbia University,' Massachusetts Instittite O2 C2 k 2 +k 2 (I)
of Technology,. the Naval Research Laboratory, 3

,
4 and where k. is the transverse wave number. The group ye-

Lawrence Livermore National Laboratory and Lawrence locity is
Berkeley Ldboratory 5"6 have reported peak output
powers ranging from 2 MW to I GW. Only a few stud- ts-_dw/dk - kc2/winc[l +k/k 2 ] - (2)
ies have been made of the spectral quality of this power, For large y, the parallel velocity of the electrons is
sometimes initiated from noise, and sometimes as an
amplification of an input signal. v' cel - (I + y'1fl)/2y2 ], (3)

Many applications of microwave FEL's require a sig-
nal with a well-defined frequency i.e., considerable tem- wer e the no rmae r an loo h
poral coherence. The sideband instability threatens this electrons due to the wiggler magnetic field B and longi-
coherence, and is a subject of much FEL work, both ex- tudinal guide field B., if any. Equating v9 and t,, we ob-
perimental ' 7 and theoretical.3  tain the condition for sideband suppression:

The physical origin of the sideband instability is the y"2(1 +y2 f)' 1 (k/k.). (4)
slippage between the light pulse and the electron pulse in
an FEL. The slippage is customarily considered to occur It is easy to estimate the frequency, in the laboratory,
because the light travels at c, while the electrons travel of the sideband as a function of v' and t-9. In the Comp-
at some vi < c. The slippage couples different longitudi- ton regime, the sidebands approximately satisfy the rela-
nal slices of the electron beam, and can lead to growing tion
modulations in the light intensity, coupled to synchrotron
oscillations of electrons in buckets. f(k .Ak)+k,1: (wAw)tksychz, (5)

A microwave FEL must operate in a waveguide be- where
cause the wavelength of the electromagnetic radiation is
vides the possibility of controlling the group velocity of k2 2 eE2 r eB"
lonideth doiffacioitey scotrolng t arowavelouiy po- syc Mc2 M (cgs units). (6)
the radiation, or the velocity at which modulations prop-
agate. It is perfectly possible to arrange for the mi- Here Aw and Ak are the shift from the fundamental of
crowave group velocity to equ.l the parallel electron ye- the sideband frequency and wave number, respectively,
locity. In that circumstance, the slippage vanishes, k, is the wiggler wave number. E, is the signal electric
modulations of the radiation do not propagate forward field strength, and ksynch is the wave number of the syn-
with respect to the electron pulse, and, in principle, the chrotron oscillations of electrons in the ponderomotive

763
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potential or buckets. Writing z,. nt, using the reso- obtain each sp,'ctrum, roughly 100 shots must be taken
nance condition for the FEL under circumstances of constant and reproducible ac-

celerator voltage (2% variation was acceptable), and
data at each wavelength were averaged. To speed the

and recogniiing that Aw-t,Ak, one finds that data acquisition, two calibrated Schottky-barrier diode
detectors were used in the spectrometer.

AwaiksyAChc/(I -,/Ct'). (8) The range of wavelength studied was -2-4 mm. The

Equation (8) has been derived for the Compton regime, laser operates in the regime of stimulated Raman back-
but the result Aw,'(i -~t,/t',) -i is very general, and is scattering, as the beam current density is high (-Irigorously valid (following directly from the Manley- kA/cm2) and the pump field is "weak" (B±-600-800
Rowe relations) in both the Compton and the RaMan re- G); the quiver velocity of the electrons, with the guiding
gimes, as long as A o is small. When A becomes a field taken into account, is about 10% of the speed ofsignificant fraction of cv. the scaling is approximate. It is light. The electron orbits are "stable type I." A 3D

Eq. (8) which we study expeirimentally. As t,. ap- theory ' has been used to predict successfully not onlyproaches -,m the sideband frequencies should get further the wavelength of the radiation but also the small-signal
from the main frequency coefficient of exponential signal growth (-0.1 cm-1).

The equations that describe sideband growth'" are The EM wave in the drift tube is propagated in the TE1

modifications of the standard, time-independent FEL mode, appreciably above the cutoff wavelength of I cm.

equations,' 2"13 with derivatives with respect to longitudi- A study of the time-dependent power at the wave-

nal distance z replaced by convective derivatives corre- length of the FEL fundamental and its sideband showed

sponding to the particle motion (in the 2N-particle eqiia- the following features. After an interval of a few radia-

tions, where vil enters) and to the propagation of signal tion bounce times (2L/c - 10 nsec each), the power was

modulations (in the field equations, where g', enters). observed to grow to detectable levels: This defines the

The solution of these coupled equations demonstrates start time of the device. Roughly one bounce time later

that the peak growth rate of the sideband instability is the fur." mental saturates, and fluctuates in strength at

independent of v,,I/v. This conclusion cannot be valid as megawa levels. This is followed, usually within one

I'll - 1'. because Eq. (8) predicts that the lower sideband bounce tu,,e, by the appearance of a strong sideband sig-

moves beyond waveguide cutoff; this must have a nal. This indicates that the sideband growth rate is com-

significant effect upon the sideband growth rate. The parable to the growth rate of the FEL signal.

difficulty arises because the modified FEL equations, The experiment was done in two stages. with the use

with convective derivatives, consider a slowly varying
amplitude and phase of the central frequency with fixed
group velocity. This approximaion is not adequate to 5oo1T 016

desciibe sidebands which are far removed (in Aw/o, or in
Ak/k ) from the central frequency. 0 014

The experiment was done with the Columbia Universi- 012

ty free-electron laser, and the reader is referred to Ref. I / I "
for further experimental details and a schematic of the 30I 'E
laser. An electron beam was extracted from an aper- /
tured. cold-cathode diode immersed in a strong (7-10 Z /00
kG) magnetic field. A typical value of accelerator volt- "o 200

age was -700 kV, and a beam current -200 A was in-
jected down the axis of a 6-mm-diam drift tube which
also serves as a cylindrical waveguide. The undulator 10000
was a bifilar helical winding energiied by a small capaci- -
tor bank timed with the accelerator pulse. The undula- 

_i__100

tor consisted of a uniform section 50 cm in length be- o .,---.--
tween two zones (7.3 cm each) of adiabatically changing 22 2v3 2, 25 6 t, m 29 30

field. Two mirrors were used for feedback: the upstream WAVELENGTH (mm)

mirror was a polished annular disk with reflectivity equal FIG. I Spectrum of FEL radiation, obtained under the fol-
to 65% and the output mirror was a surface of a quartz lowing conditions: I'-700 kV B -760 G, 1-200 A, . - 1.45
window, with net reflectivity -5- 10%. After a certain cm. The theory curve (dashed line) is the small-signal growth
start time, the FEL oscillates at a power level -=2-4 rate calculated according to Ref. 15. The solid line is drawn
MW (determined calorimetrically). The spectrum was through the data points with a spline fit. The spectrum is ob-
observed with a grating spectrometer (resolving power tained under conditions of saturated power. Guiding field
equal to 100)i4 when the power reached saturation. To -9.5 kG.
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of different undulators. These were identical in all increase of the sideband shift to -40% (the upper side.
respects, except that the period (4,) in one case was band fell outside the range of the spectrometer grating).
1.45 cm (corresponding to the experimental situation of Computing v/c -0.91, noting that now N -27, and tak-
Ref. 1) while the other undulator had a period of 1.85 ing Nynh-I (the laser power is nearly the same), we
cm. In Fig. I we show a spectrum obtained with the find, from Eq. (8). L'/NV.-0.98. As the cutoff wave-
X,,-1.45-cm undulator [another spectrum, at weaker length has not changed, we can calculate what FEL
B.L, is shown as Fig. I (c) in Ref. I]. In Fig. I the spec- wavelength would be required to give this group velocity:
trum shows both upper and lower sidebands: at stronger the result is 3 mm, which is close to the actual FEL fun-
pump field, the long-wavelength sideband grows to a damental. The spectrum of Fig. 2 shows a dramatic in-
power level comparable with that of the fundamental. crease of the sideband shift due to a small change in
The linewidth of the fundamental, under conditions group velocity, in accord with the result in Eq. (8).
where the sideband power is not large,' is about I%. On Calculations of the small-signal growth rate have been
the other hand. the width of the linear growth spectrum made for the conditions appropriate for Figs. I and 2,
is theoretically found to be - 5- 10%. and so appreciable with the use of a 3D theoryIS; these are shown as dotted
line narrowing has occurred from the quasioptical reso- lines in the figures (the peak growth rate is kept about
nator (Q - 1000). From Eq. (8), the fractional sideband the same). It is interesting to note that the sideband
shift is proportional to the ratio .Vsynch/,V, where N. the falls outside the zone of unstable growth for the FEL in
number of undulator periods, is 35. The synchrotron the case of the 1.85-cm undulator. Although the effect
period. Lsynch, defines Nsynch iL/Lsynch, where L is the of the guiding field is accounted for in the small-signal
undulator length. The synchrotron period can be calcu- theory, it is not accounted for by the theory in this paper,
luted once the power level in the resonator is known; this nor has it been used in the waveguide calculations. The
gives N 1yhI. With V-700 kV, at the given B., waveguide is filled with electrons through which a right-
t/,,Ic-0.90 and we compute vdvs -0.93 from the handed circularly polarized EM wave is propagated, but
waveguide properties; the predicted (Eq. 8) sideband the effect of the guiding field on the group velocity is
shift is 6%, in good agreement with the measured value, negligible because the invariant plasma frequency

The experiment was then "repeated" at V-780 kV, (ne2/xym 1/2 is -2 GHz and the cyclotron frequency
with the same hardware, but with the 1.45-cm period un- e'B;/2xymc is -9 GHz, whereas the wave frequency is
dulator replaced by the 1.85-cm undulator. This has the 75-100 GHz.
effect of increasing the fundamental wavelength in which Work at Columbia University was supported by the
case the ratio c/v, becomes a very important factor in U. S. Office of Naval Research through Grant No.
increasing the sideband shift. In order to keep the N0014-79C-0769; work at Lawrence Livermore Nation-
Group I orbits away from magnetoresonance, we re- al Laboratory was supported by the U. S. Department of
duced the guiding field from 9.5 to 7.3 kG. In Fig. 2 the Energy under Contract No. W-7405-ENG-48, for the U.
spectrum clearly shows the FEL line at 2.75 mm and the S. Army Strategic Defense Command and the U. S.
lower sideband at 4 mm; the most striking feature is the Department of Defense under Defense Advanced

Research Projects Agency Order No. 5316 in support of
SDIO/BMD-ATC MIPR No. W31-RPD-53-AI27;

300 012 work at Lawrence Berkeley Laboratory was supported
Theortical _ by the U. S. Department of Energy, Division of High-

5o / Gowth Rote 010 Energy and Nuclear Physics, under Contract No. DE-
200 I rl ACO3-76SFOO098.
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Design of an Efficiency-Enhanced Raman
FEL Oscillator

F. G. YEE AND THOMAS C. MARSHALL

Abstrot-The paper reports numerical calculations appropriate for As an actual experiment is planned. we begin by sum-
the design of an "efficiency-enhanced" Raman free electron laser (FEL) marizing the constraints under which it must be operated.
oscillator. A helical undulator is used which consists of a constant period For the electron beam, the electron y - 2.5. with current
section followed by a section where the period is decreased roughly 10

percent. Simulation of the FEL is done by following the radiation dy- density - I kA/cm2 . We have demonstraLed in previous

namics In both the small- and large-signal regimes, using the gener- experimentation, using this beam, that the electron mo-
alized pendulum equation" with self-consistent radiation Held. It is mentum spread is =0.6 percent in the absence of the urn-
found that the efficiency of the oscillator may he enhanced from , 8 dulator [41. and that substantial (10 dB) gain may be
(no taper) to - 15 percent (with taper). The configuration of an exper- obtained at 1 mm [5]. As the high-current density beam
imental oscillator is described: this device should produce - 25 MW at

wavelength ,1.8 mm using an 800-kY electron beam. requires a guiding magnetic field, the space available for
the undulator is only - 70 cm. and the quiver velocity in-
duced on the beam by the electrons should be in the range

1. INTRODUCTION <0.1-0.15 c so that the momentum spread induced by the

T HEORETICAL studies indicate (see IlI] which con- undilator remains small [41. The pulse length of the ac-

tains a survey of theoretical and experimental infor- celerator is 150 ns. so this defines the time span over which

mation, together with references) that the efficiency of a the oscillation must build up from noise, saturate, and in-

Raman free electron laser (FEL) can be enhanced by teract with the "tapered" undulator. We shall choose an

properly "'tapering" the undulator amplitude and/or pe- undulator period 1o = 1.7 cm, which will stimulate radia-

nod: under optimized conditions. efficiency of order 25 tion at a wavelength Io/2-- - 1.8 mm. The configuration

percent or more can be obtained. Already, a series of ex- of the planned laser (shown later in Fig, 3) will be dis-

periments at LANL and Boeing/Math Sciences [11 has cussed in Section IV.

shown that the efficiency of a Compton FEL may be im- After giving appreciable energy to the laser signal field.

proved by roughly a factor of ten using these techniques. the electrons in an FEL are slowed down and fall out of

However, very little consideration has been devoted to resonance with the ponderomotive potential well. Among

proving this concept in the case of Raman. or space-charge the possible efficiency enhancement schemes, two are

dominated. FEL's. particularly in the oscillator configu- studied: i) slowing the well by decreasing the period of

ration. Using pulse-line technology, with an 800-kV 200- the undulator magnet, so the phase velocity is decreased

A beam, we shall show that a Raman FEL should produce to synchronize with the electrons; and 2) compensating

roughly 25 MW at a wavelength = 2 mm. Since the level for the loss of parallel (axial) energy by decreasing the

of radiation inside the resonator is substantially higher, amount of pumping. that is. decreasing the undulator field

this opens the possibility of studying a -two-stage" FEL amplitude along the beam direction. The latter decreases

in the collective regime. where the millimeter radlation is the path length traveled by an electron so as to maintain

backscattered from the cold portion of the electron beam the resonance frequency constant along the system. These

upstream from the undulator. regenerates inside the res- methods may be combined.

onator, and appears in the lab at wavelength X, = 1,/8 In the design, one strives initially for adequate small-

-"11 = 0.1 mm. In what follows, we discuss the numerical signal gain, say > 10 dB per pass. so that the spontaneous

solution [21 of the tapered undulator problem in one di- radiation will grow from noise in a few passes through the

mension, appropriate to the design of the "'first-stage" Fabry-Perot resonator and the growth on each pass will

high-power oscillator [3]. The results show that the effi- substantially exceed the mirror and diffraction losses (at

ciency of a Raman FEL oscillator can be improved by millimeter wavelength, these could be as high as 90 per-

roughly a factor of two using a variable-period undulator. cent). If the net power gain is G, and there are M passes.

even in a very short (= 70 cm) system using a short-pulse tne output will grow to

electron accelerator ( - 100 ns). P(MIP(O) - M + eG'". (I)

Manuscript received March 20. 985: revised June 20. 1985. This work The magnitude of the signal vector potential at saturation

was supported by the Otfice of Naval Research under Grant N(HX)14-79C- (end of the small-signal regime) is
07969.

The authors are with the Plasma Physics Laboratory. Columbia Univer- AVy (/nc/l) (2)
sity, se~w York. NY 1027. . Y t

0093-3813/85/1200-0480501.00 ; ivt35 IEEE
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which is - 10 statvolts in CGS units, where m and e are The third and fourth terms account for the change of op-
the electron mass and charge, and c is the speed of light. tical phase 0 and the undulator amplitude variation, while
We find typically that about 35 cm of the undulator is the last involves the change of undulator period. As initial
enough to provide a growth to saturation in perhaps eight conditions, we choose 1o, y, k, the system parameters. A
bounces of the radiation, providing the undulator ampli- finite number of electrons (i = 1. 2. • - • . n) with initial
tude is high (roughly 2 kG in the absence of a guiding phases ',(0) are evenly distributed between -?r and +r.
field, so that the electron quiver velocity is at least 0.1 c). to simulate the random phase of the electron ensemble
In the regime of small-signal growth, the tapered region without any special injection preparation; in addition,
is not effective. Enhancement of efficiency is dependent these electrons will also have different energies within a
on large-signal gain in the tapered end region of the un- range (y/y)lI. in order to simulate the typical beam mo-
dulator in the last pass or two of the radiation. The design mentum spread to be expected (- percent). Parameters
of this region provides a trade-off between the small-sig- to be optimized are A,,., the length of untapered section L.
nal gain and the large-signal efficiency enhancement. the period lo(z), the initial signal amplitude A'°). and the

It is important to understand that in the oscillator one frequency mismatch at injection Aw/w. To prescribe in a
cannot assume that the intial signal is known at the un- proper way. the electron energy must be known at every
dulator entry. Thus one endeavors to optimize the oscil- position by solving (2)
lator performance in such a way that it remains satisfac- d-1 eE.
tory over a wide range of initial signal amplitudes. The d -k) I .

- -Z( A,, A, sin '--- (6)
theory requires a value of signal specified at the input, and dn c-) mc"

it c.lculates the growth in a single passage along the un- In solving for the electron energy using (6). the interaction
dulator. If the initial signal is sufficiently small, the signal with the space-charge field may be neglected, as the elec-
grows exponentially at the resonance wavelength; large trostatic energy in the space-charge fluctuations is smaller
signals involve trapping of electrons in potential troughs [6] than the energy of the electromagnetic wave by a factor
and exhibit saturation and periodic variation of amplitude. 2 10. In the small-signal limit. (3) reduces to the small-

II. THEORY signal Raman or Compton gain result. We assume the
electron beam is nearly cold. that is, the axial momentum

The design is based on a one-dimensional numerical of all electrons is nearly the same. which is satisfactory
model of the generalized pendulum equation (2): providing the momentum spread is negligible compared

e 2kk 0AA, sin with the ponderomotive amplitude
e4MCI I k 2(IZ) < (7

2,., , d'ic"

+ I- I- [(cos 0>) sin w - (sin 0f) cos l
c h  in which event the electrons can easily be trapped in the

"buckets" of the ponderomotive wave potential.
dks  l (Ie wd dk, ) In optimizing the undulator period profile, we use a
dz ,4 ,.ymc c dZ A- 3 resonant electron approximation"

where f' is the phase and w, is the plasma frequency, to- d, = -k,(z) A, (z) A,, sin , (8)
gether with the self-consistent signal wave equations. ap- dz yr
proximated in the limit of slowly growing amplitude on
the scale of the wavelength: and

(w,lc _ -k)A() W 1 ,, , =oo =z 0 : - " i' (
2C

2  - (I + 10 ",IC

A., (A,,. )) EI KA,
where A,, A,,. = vector potential of signal wave and un- + ,4A(z) . (9)
dulator, ko = 2r110, k = (ddIdz + wlc), 0 = optical \mIc,

phase, and k, = 2ir/X,, The first term on the left of (3) is Equations (8) and (9). which neglect space charge. are
the conventional pendulum term, while the second ac- useful in choosing a first approximation to the optimum
counts for the effects of high space-charge density. The ko(z). The actual calculation. however, uses (3). (4). and
latter must be included when the density of electrons ex- (6).
c"eds

Ill. RESULTS OF THE CALCULATION

n > k(y'A,,A,147rrnc' = B, E, (5) The following parameters were chosen: pumping mag-
8Irine 2" netic field = 2.0 kG (see next section for the discussion
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Fig. I. Signal growth and saturation in a Raman FEL having an undulator Fig 2. Signal growth and saturation in a Raman FEL having an undulator
(or "wiggler") with constant helical pitch. iat Small-sitgnal growth. con- with programed pitch (1.7 cm for the hrst 20 cm. linear taper to 1.4 cm
stant undulator period above. ib) Saturation and synchrotr. n oscillations over the remainjng 50 cm. same electron beam conditions). (a) .4malil-
at high-signal power. signal growth, variable undulator pitch above. fb) Saturation and syn-

chrotron oscillations at large-%ignal power (the different curves show the
effect of varitiotn of (he large-signal amplitude).

pertaining to the guiding field effect, which is the actual

situation experimentally); (86-/-y) 1I = 1 percent; optim-ized resonant phase 0, = 10; and -f(0) = 2.425. The undu- three different values of "large" signal: 1.0, 2.0. and 4.0
edr reso helical ase dives aight-ande ciclal =p2.425 laTh - statvolts at the input of the oscillator. After one pass, the

lator is helical and drives a right-handed circularly polar typical output signal shows an efficiency which is of order
ized electromagnetic wave.

Fig. I shows the result for the case of an undulator hay- 15 percent. that is, roughly a factor of two enhancement
amplitude and period. Fig. 1(a) is the growth over the untapered period simulation. Thus, in an actualing constant ude a l long the growth experimental situation, a modest tapering of the undulator

of a small-amplitude test signal along the undulator. Fig. period should cause a marked improvement in the power
l(b) shows what happens when the initial signal is large obtained from the oscillator. Furthermore, at the end of
(in this example. 4.0 statvolt): synchrotron oscillations are otie rmteoclao.Frhroe tteedo
apparent. If the beam were cold. the synchrotron osciila- the undulator the power extracted is not particularly sern
ion would be even more pronounced. As thr input "large" sitive to the signal level present at the input on the last

t wpass for this reason we believe that our calculation should
signal to the oscillator is not known-it depends on growth satisfactorily model operation as an oscillator.
during several radiation bounces in the small-signal re- The calculations have been done in one dmnsion, tak-
gime, and therefore depends on unspecific initial condi-
tions-we might anticipate that on the average the output ing unit bcll ing he undtat eter huteffiieny oftheoscllatr mght e rughy 8 ercnt. were obtained by changing the undulator period rather thanefficiency of the oscillator might be roughly 8 percent. teapiue

For the tapered undulator example, we have found that the amplitude.
a suitable choice consists of a leading uniform period sec- IV. ExPERIMENTAL CONFIGURATION
tion, 20 cm long (which produces adequate small-signal
gain), followed by a 30-cm tapered period section (which The electron beam will be cylindrical, with diameter
promotes enhanced efficiency). Fig. 2(a) shows the period about 5 mm, and is obtained from an aperture in a field-
profile (above), and the small-signal power gain in this emlnssion diode; a similar beam in a 1.9-cm-diameter drift
section is about 26 dB. Fig. 2(b) shows the efficiency for tube was found to have an intrinsic parallel momentum
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AXIAL GUIDING MAGNETIC FIELD will suffer high diffraction and will not be regenerated. At
---- % the upstream end of the system, we use a dielectric mirror,

EL fitted onto a wedge having low-dielectric factor. An ap-
.preciable fraction of the radiation will be reflected from

CATHODE "- .,MIRROR the high-dielectric constant interface (K - 15). and this
may be reinforced still more by choosing the thickness of

ANODEUULATO DRIFT UE the mirror slab to be half-wavelength. The advantae of

Fig. 3. Proposed experimental configuration. The mirror on the upstream this scheme is that the dielectric mirror does not perturb
side is a high-dielectric constant disk mounted on a low-dielectric con- the radial electrostatic geometry of the beam and the drift
stant wedge. tube: then the electron beam momentum spread will re-

main adequately low, as in the original design.
spread of 0.5 percent from the combined effects of emit- Fig. 2(a) shows that the small-signal single-pass power
tance and space charge [4].. The undulator will be a bifilar gain is =500 (Z 1 dB/cm). Assuming 90-percent power
helix, machined with a variable pitch by a numerically loss in the feedback system (i.e., P,,IPn = 50). and that
controlled lathe. A transverse magnetic field on axis noise power < 1 W is present at the input, then from
-600 G is readily produced by a capacitor-bank dis- P(M)IP(O) = 108 and (1). we find five optical bounces
charge through the winding. Although th.e numerical work (30 ns) are required to reach saturation. This is far less
did not include a guiding magnetic field. this is necessary than the accelerator pulse length (150 ns).
to contain the space-charge forces of the beam in an equi- Spectral measurements, particularly bandwidth, will be
librium. If we require that the quiver velocity in the ex- made initially with a Fabry-Perot external interferometer.
perimental situation be the same as that found necessary We expect the FEL system to exhibit a primarily homo-
in the simulation, the guiding field B0 permits one to geneously broadened line, and therefore appreciable line
operate the laser with smaller pump magnetic-field narrowing should result (unlike the original [81 Raman
amplitude. A large quiver velocity is obtained as the FEL, where the gain was influenced by inhomogeneous
undulator is operated near "magnetoresonance," viz., broadening effects). Power measurements will be made
eBoly-komc20I31 = 0.7; this is given by using a calorimeter cone fabricated of "Macor." a ma-

eBI, nc chineable glass with high absorption at millimeter wave-
vl = (eB /mc - (10) length. Operation of the actual laser should be possible in

(eBolmc - "IkoVll) 1986.

where B, is the undulator field. It is expected that stable
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be fitted into a larger pipe; thus off-axis resonant modes Raman batkS attering." Phfi Ret Lett . %ol 41. pp. 136K-1371. It97,
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Efficiency and Sideband Observations of a Raman
FEL Oscillator with a Tapered Undulator
F. G. YEE, T. C. MARSHALL, AND S. P. SCHLESINGER, LIFE FELLOW, IEEE

Abstract-Power and spectral measurements are reported from the power gain is large ( 10-20 dB/pass), and the electron
Columbia Raman free-electron laser (FEL) oscillator experiment. High- motion induced by the undulator is in the range v, /c -
power radiation pulses ( - 12 MW, 100 ns) are generated at a wave- 0.1. Feedback is provided by a pair of reflectors; a reflec-
length of -2.5 mm, using a 750-kV electron beam injected into a he-
lical undulator: the latter is made up of a constant-perio; , 1.45 cm) tivity - 50 percent is adequate since the Raman gain of
section 40 cm long followed by an equal length of tapered undulator. the device is high. After a "start time" = 30 ns, the ra-
The period is decreased by 7.6 percent in such a way that the on-axis diation builds up to saturation level (Fig. 1 (b)). The spec-
field remains constant. We find that the taper allows an increase in troscopic studies were done when the power was in the
total power efficiency from -4 to -12 percent. Most noteworthy is saturation regime.
that the tapered undulator reduces the sideband radiation compared
with a constant-period undulator FEL which was studied in the same When designing the tapered undulator 19], a trade-off
configuration. The power was measured calorimetrically and com- must be made between having adequate gain for short start
pared with the rcsults of a I-D Raman code. The reduction of sideband time, and the efficiency enhancement. The latter is ideally
power observed in the experiment was consistent with computational done using an undulator several synchrotron periods in
results obtained with a 2-D sideband code. length. The publication cited [9] describes a 1-D simula-

tion using a cold beam in a Raman FEL interaction as an
amplifier. comparing constant- and variable-period un-

ARIOUS studies, both theoretical [1], [2] and exper- dulators. The variable-period undulator.actually used was
Vimental [3]. [4] have shown that the efficiency of a a "hybrid" composed of a section with constant period

free-electron laser (FEL) may be improved through the followed by a section where the period was decreased in
use of an undulator designed with a varying period. Ex- a linear way over several periods. Thus. the experiment
perimentation of an FEL amplifier operating in the regime is an "unoptimized" tapered-undulator device from the
of "strong-pump" collective effects [5] shows that ex- efficiency point of view. Also. unlike an amplifier, the
perimental data can be satisfactorily interpreted numeri- osci:l'ator will reach saturation after several radiation
cally. Results from Compton oscillators also indicate that passes. and so it is not possible to predict the efficiency
efficiency is improved using a tapered-period undulator on any given shot. in fact, the output pulse power showed
[6], [7]. In this paper, we report data obtained from a appreciable variability, and the data we report represent
Raman oscillator which has been operated with an undu- an average based on several shots. This variability can be
lator having a constant as well as a variable period. In understood by consulting [9. fig. 2(b)]. Oscillator simu-
each case, we study the spectrum of the radiation emitted, lations have been reported [101. but the tapered undulator
which shows in the first example a well-developed set of used in that calculation was not a hybrid.
sidebands, but in the second instance the sidebands are We have extended the calculation reported in [9] by in-
much reduced corporating a finite parallel momentum spread into the

The oscillator configuration (Fig. l(a)) is the same as model. No important decrease in gain or efficiency was
reported in a recent study of regenerative gain in this FEL observed using the simple numerical model until the par-
[8]. The electron beam energy is - 750 kV obtained from allel normalized momentum spread was increased to the
a pulse-line accelerator which produces a voltage pulse 2-4-percent range: this is substantially larger than the ac-
lasting about 150 ns with < 2 percent voltage fluctuation. tual momentum spread we expect to encounter in this ex-
The electron beam, emitted from a cold graphite cathode periment [11]. The cold-beam simulations show that.
immersed in a I-T magnetic field, is apertured to 5-mm given the restrictions on the total undulator length of our
diameter and propagates in a cylindrical drift tube (wave- apparatus, we should expect the efficiency of the tapered
guide) of 6.3-mm diameter. FEL radiation is produced undulator FEL to be roughly a factor of 2 better than the
and propagated as a TE,1 mode of this waveguide [8]. The same FEL with constant-period undulator. that is, we ex-

pect roughly 12 percent of the electron beam kinetic en-
Manuscript received July 29. 1987: revised December 8. 1987. This ergy to be converted into radiation.

work was supported by the Office of Naval Research under Contract N0014- The undulators used in the exp ment have period of
79C-0769. 1.45 cm and are wound as bifilar he,.ces, about 80 cm in

The authors are with the Department of Applied Physics. Columbia Uni-
versity, New York, NY 10027. length, on a phenolic form located over the drift tube: a

IEEE Log Number 8819781. pulse current synchronized to the accelerator provided the

0093-3813/88/0400-0162$01.00 © 1988 IEEE
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field. The hybrid-undulator tapered section was 40 cm in Above the threshold magnetic field requiro'. for oscil-
length over which the period was decreased by 7.6 per- lation (500 G), the power radiated by the variable-taper
cent. The undulator winding groove was cut on a com- undulator did not change as the undulator pump field was
puter-controlled lathe such that the winding depth in- increased to 1 kG; furthermore, the power output was in-
creased as the period decreased, so that the field produced sensitive to cnanges in beam energy in the 600-800-kV
on axis remained approximately constant. Each undulator range. The average efficiency for these parameters was
was provided with an "adiabatic entry"' zone where the found to be 12 percent. in good agreement with the sim-
groove winding depth increased over several periods ( -9 ulation [9]. There was, however, a large variability in
cm) so that the helical magnetic field slowly increased as power obtained from one shot to another, possibly due to
the electron spiraled into the undulator. small changes in system performance during start-up. The

The first experiment consisted of a power measure- case of the constant period is very different. The total
ment. This was done by two methods: 1) a calibrated power increased with increasing pump field, but the cause
diode detector located some distance beyond the FEL horn ior the increase is 'ue to a strong sideband: the signal
antenna, using a calibrated attenuator and the "radar for- strength of carrier does not increase further with an in-
mula" to relate the detected signal to the power radiated, crease in pump field. The "hybrid" undulator. however.
and 2) a calorimeter attached to the FEL output. The cal- produces appreciably less sideband radiation. Therefore.
orimeter consisted of a thin cone of "macor" (machin- since the numerical simulations do not account for the
able glass) to which ten thermistors were bonded: the si,- sideband radiation. we compare only values of the total
nal was obtained from the output of a bridge circuit. The power in each case. It was found that the efficiency of the
cone was incorporated into the FEL vacuum chamber. and constant period undulator was 4 percent, whereas the ef-
was shielded from X rays and diode debris by locating it ficiency of the "hybrid'" was 12 percent. We believe this
beyond a 90* bend in the light pipe, a small portion of demonstrates successful operation of the hybrid undula-
the signal was allowed to escape through the 900 beam tors in the FEL oscillator, given the limitations on the
splitter and was monitored by a diode detector located system length (simulations suggest that the efficiency of
nearby. This is also shown in Fig. l(a). The response of the hybrid would continue to increase providing the ta-
the bridge circuit permitted the detection of energy as low pered zone could be lengthened). The power output (sev-
as 10 mJ. The power follows from the observation of the eral megawatts in each case) was not sensitive to the
signal duration. The values we quote here take into ac- downstream mirror reflectivity, but we did not attempt to
count power radiated upstream through a partially trans- construct a resonator with a very high Q because the losses
mitting mirror (35 percent) and the downstream power from the upstream reflector are always high because of the
that was detected. beam-entry aperture. The power inside the resonator was
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Fig. 2. Power %pectrum from the constant-period Raman FEL oscillator. 280"

of the correct magnitude to cause trapping and efficiency 200
enhancement according to the simulation [9], viz., the
vector potential of the FEL radiation was - I statV.

Next we compare the spectrum of the radiated power 120 rI
for the constant-period undulator and the hybrid. Fig. 2 40shows the spectrum of the constant period undulator [12] 40 1
and Fig. 3 shows the spectrum of the hybrid, taken under , , ,

the same conditions of beam energy, current, undulator 2.2 2.3 24 2.5 2.6 2.7 2.8
field, etc. Fig. 2 shows a powerful long-wavelength side- WAVELENGTH (mm)

band, comparable in intensity to the carrier, whereas Fig. 320
3(a) shows considerably less sideband radiation. Data
were taken using a calibrated grating spectrometer, as-
sembling approximately 100 shots per spectrum and then 280
discarding shots having nonreproducible features. The re-
solving power of the grating was = 100 (instrumental line
width -. I per'2ent). The data reported in Fig. 3 are ob- 240
tained under conditions of saturated power, when the
power (see Fig. l(b)) reaches maximum after the initial
exponential buildup. However, the general features of the
spectrum remain unchanged throughout the remainder of 200
the pulse. as shown by Fig. 3(b) and (c). Experimentation -
with the sideband (constant-period undulator) has shown J4 160

that the sideband radiation is parasitic in nature and ap- z
pears nearly simultaneously with the saturated carrier ) -
power 181. 1

To interpret the sideband results, simulations are done 120 - T
using a numerical model of the I-D electron equations I
with space-charge effect and a 2-D electromagnetic wave
equation which uses the slowly growing amplitude ap- 80
proximation 1131. The wave equation is solved in a cylin- i
drical pipe using a TE boundary condition, the 2-D fields
are then coupled to the I-D particle motion with the elec- 40 -
trons arranged in layers. The division of the electron beam
into radial laminae is justified, since the radius of the elec- 1.ooo
tron's helical orbit is considerably less than the electron 100..

beam radius. Three wawlengths are followed, corre- 2.2 23 2.4 25 26 2.7 2.8

sponding to the carrier (at ma),.imum gain) together with WAVELENGTH (mm)
Fsideband which are separated from the ig. 3. Power spectrum from the variable-pcriod Raman FEL osc:lilator.an upper and lower The spectrum is observed at (a) i = 0. (b) t = 10 ns (one cavity bounce

carrier by the experimenally observed amount. Fig. 4 time). and (c) t = 30 ns after onset of saturation
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WAVELENGTH (mmn) Fig. 4. Nbnlericai -,ir.oulaton of (he carrier and sideband g'rowth'. sa.me
Fig. 3. (Continued) parameters taken as in the experiment- thin line-carrier. hciv'. line-

short-wavelength sideband: dash-dot line-one.-vavelength sidebund
(a) Constant-period undulator. (b) Tapered- 1 10-percent) period undu-

shows two cases, for constant-undulator period (Fig. 4(a)) lator. Abscissa is measured in normaliized undulator length. The ordinate
and a 10-percent tapered undulator (Fig. 4(b)), with the axis scale for the sidebands ii; l/50 thc scale of the carrier

tapered-undulator section preceded by a constant-period
section as n the experiment. The fields are followed for
three cycles through the undulator, taking a 90-percent by manipulation of the resonator reflectivity: in anly event.
loss of power in the feedback. The simulation shows that such a technique would compromise (he desirable feature
the long-wavelength sideband is reduced in amplitude to of FEL tuntability. One method of control [ 141 is to change
a level comparable with the short-wavelength sideband the group velocity of the EM waves se that the sidebands
due to taper. The computed efficieicy (total radiation) are well removed from the carrier. In (his work we found
from this code is slightly lower tha., rhe efficiency com- that a srr.-. "taper'' of the undulator period will reduce
puted with the 1-D code with no sideband (8 and 4 per- the sideband power, perhaps by -dctuning"~ the synchro-
cent, tapered and untapered, versus 12 and 6 percent. re- tron oscillation. As expected, the use of an undulator with
spectively). As can be seen from Fig. 4. the growth rate a tapered period caused a bubstantial improvement in the
of the sidebands is comparable to the carrier-, however, efficiency of the laser.
the initial amplitude of the sideband compared to the car- RFRNE
rier is not known (it was arbitrarily --- at 2 percent of the RFRNE
carrier amplitude in the simulation). Therefore, the ratio IQl N. M. Kroll. P. Morton, and M. N. Rosenibiuth. -~Free electron iamers

with variable piranieter wiggler." IEEE I Qiwittio Electironi.. vol.
of the carrier to sideband amplitude after onie pass cannot QE-17, pp. 1436-1468. 1981
be compared with the experimental data in this simula- (21 P Sprangle. C. MI. Tang. aind W MI Mainheinier. -Nonlincar lor-
tion. The simulation does, however, appear to correctly mulation and ellicier.-y enhancement of tree electron !sers.- Piy,N

Rev. Lett., vol. 43. pp. 1932-1936. 1979.predict the trend toward sideband reduction when the ta- 131 R. W. Warren ei .. *'Results of the Los. Alamos. FEL e.ptrinmns.
per is imposed. IEEE J. Quanhin Electrona.. vol. QE- 19. pp 3') 91401. 1983

One conclusion from this experiment has to do with 141 W M. Grossman ef id.. "Demonsir.' ri of lIiree, elctron heaii en-
ergy extractitin by ai tapered wigglier F,. 4,1!.! Ph,. Lett._ vol.

sideband control. When the sideband growth is very rapid. 43 pp. 74-77 i93

as it is here, the sideband cannot be controlled effectively 151 T. 1. Orzsecho*..ki et u!.. *High clhii .cy em.raiciion of mi,.rowave
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Optical Guiding in a Raman Free-Electron Laser
S. Y. CAI, A. BHATTACHARJEE, AND T. C. MARSHALL

Abstract-A theoretical and computational study of optical guiding set of TE modes. We conclude in Section V with a sum-
In a Raman free-electron laser (of wavelength - 2 mm) is given. A set mary of the main results of our work.
of basic dynamical equations is given, Including the effects of space.
charge and two-dimensional diffraction, both with and without a wave-
guide. The results from a computer code based on these equations are I. GENERAL FORMULATION
reported, showing optical guiding. An experiment is proposed in the We use cylindrical polar coordinates (r, 0. -), with the
Columbia free-electron laser to measure optical guiding. axis of the undulator aligned with the z-axis. We assume

that the system is axisymmetric (a/a = 0). For a helical
I. INTRODUCTION undulator, the vector potential is

N a free-electron laser (FEL), the electron beam is not mc
lonly the source of energy for the radiation field, but also Aa(.) = - ( a,,(:) [.1 cos k, z + .? sin k,.z1. (I)

constitutes a medium which, under certain conditions, can e

distort the wavefront and reduce the phase velocity of the The vector potential of the time-dependent radiation field
radiation. The modified index of refraction can then lead is
to a focusing effect which overcomes the diffractive
spreading of the optical beam. This effect, known as op- A (?, t) = c_ a,(r, :. t)
tical guiding [1], [2]. has been recently studied in the high- e
gain Compton regime, and shown to yield guided optical [1 cos k, - t + 0(r,z t)
beams over many Rayleigh ranges [3]-[5]. However, c+
there is to date no experimental demonstration of this im- - 5 sin { k,z - wt + 0 (r, z, t) }]. (2)
portant effect.

In this paper we study optical guiding in a Raman FEL. where 6 is the phase shift of the radiation. In (I) and (2).
in which it is essential to include the effects of space m is the rest mass of the electron and e is its charge: k..,
charge. One of our objectives is. to define the parameters k, are the wave numbers of the undulator and radiation
for an experimental demonstration of optical guiding in fields, and t = ck, is the frequency of the radiation field.
the Columbia FEL device 161. We observe that Raman Assuming that 18a,/tI <

< Iw, , .1ac,!tI << !.
FEL's typically use waveguides to confine the radiation, and a, << a,,. the single-particle equations are 17]. [81
which.explains why there has been no need to develop
optical guiding methodology for such devices. However, dyj k,a,a, sin 2
the natural effectiveness of optical guiding leads to the "z= T i k.
interesting possibility that waveguide structures may be
dispensable in long wavelength FEL's operating in the •(cos q') sin ,'' - (sin *) cos ,Ij], (3)
amplifier mode.

The plan of this paper is as follows. In Section II. we and
give a general formulation of FEL equations in two di-
mensions (2-D) including the effects of space charge and d +J
diffraction of the optical beam. In Section III, we present - = k k
numerical results from a 2-D computer code which inte- d+
grates the complete set of equations given in Section 11, .
and follows the evolution of a Gaussian optical beam cos '1,,)i-';] + (4)
through the exponential gain regime into saturation in the
absence of external waveguides. In particular, we show where 4' = (k, + k,)- wt + 4) is the relative phase
the effect of varying the current density on optical guid- of the j th electron with respect to the radiation field and
ing. In Section IV, we calculate optical guiding in a wave- -ymc2 , its energy* no is the electron density and w, =
guide environment by representing the optical wave in a (4irnoe2/m) /" is the plasma frequency. The angular

brackets denote an ensemble average over all electrons.
Manuscript received November 26. 1986. revised May 14, 1987 Equations (3) and (4) are essentially equivalent to those
The authors are with the Department of Applied Physics. Columbia Uni-

versity. New York, NY 10027. aenved recenty from a Hamiltonan formulation [91, [101.
IEEE Log Number 8715829. The intera:tion between the radiation and electrons is
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governed by Maxwell's equation

a2 
Optical bom (as)

where J. ( F, t) is the transverse current, and A3 is given
by (2). In most cases of interest. u = ae i varies slowly r rl W0

along z; therefore, we keep only first derivatives and drop

all second derivatives with respect to z. Then. (5) reduces Fig. I. Radial profiles of the input optical beam amplitude and electron
beam density at c= 0.to

au .
2ik 5 _"+ Vu TABLE !

PARAMETERS IN USE

( Ja,, /exp [i' ~ I
ai / 6Without Waveguides With Waveguides

In (6), the term V2 u describes the effect of diffraction of Undulator period (e,) 1.7 cm 1.7 cm

the optical beam. Equations (3), (4), and (6) constitute a -tIv /c),,,, 0.175 0.3

self-consistent set of equations for the evolution of the Input optical power (0.4. 277) KW/cm: 2.8 KW/cm-
Wavelength ( ,) 1.56 mm 1.57 mm

electrons and the radiation field. The equations of [31 are Optical beam waist (W,,) 0.75 mm

recovered if we drop the second term on the right-hand Electron beam radius (ro) 4 mm 3 mm

side in (3), describing the effect of space charge. Equation Current density (J) 1000 A/cm 2000 A/cm:
Electron energy (-t) 2.57-2.64 2.5

(6) neglects slippage between the electrons and the radia- Waveguide radiu% (R) - 1.2 cm

tion, and, therefore. does not include the effect of the Initial optical mode Gaussian TE,,

sideband instability.

III. 2-D NONLINEAR NUMERICAL SIMULATION ,, _ ,

A 2-D computer code has been developed to integrate 6 -
(3), (4), and (6). In this code, 300 test electrons are uni- ,
formly distributed in '*G between 0 and 27r at each of 24
radial positions dividing the beam radius. At z = 0, as 4 - a

sketched in Fig. 1. the electron bt im is assumed to have
a cylindrically symmetric step function in density, and the W

optical beam is assumed to be Gaussian. The parameters 2

of the simulation are listed in Table I. column 1. A guid- Z(b)

ing magnetic field of B0 = 10 kG in the actual experiment o
is omitted in the theory, except that its effect is included -..... ---..

in the calculation of the electron quivet velocity ( v, /cA)rI, D TA 40 60 80 100

in the undulator.z 
(c)

2i h pdltof t otabFig 2 The optical heam radius along the undulator in the Raman FEL
Fig. 2 is a plot of the optical beam radius along the operating in the exponential gain regime (b) compared to the diliracton

undulator in the linear (exponential gain) regime corn- ot the same input optical beam in a free space (a).

pared to the case when the beam diffracts in free space.
The optical beam associated with the Raman FEL is con-
fined approximately in a constant radius of 0.75 cm cen-
tered on the electron beam. Fig. 3 shows the correspond- to1
ing optical field amplitude distribution in (r, z) space.

It has been suggested [31 that a bunched electron beam " 8.0.1

may be treated as if it were an optical fiber with a constant * 6.0 ,
refractive index n and a well-defined edge. The one-di-
mensional theory predicts the complex refractive index to 4.0._
be p.0

I do
kl- +I, dz 0.0 20 40 6. 0j 01 01$

Radial 01i~te t(CmI All

Im n = - (8) Fig. 3. A 3-D plot of the optical field amplitude distribution in the expo-
ka, dz " nential regime.
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Fig. 4. The real pan and imaginary pan of the index of refraction a% fune-
tions of input electron energy y,, calculated from the 2-D %imulations.
The resonant energy is at -r, = 2.6. The parameters of Table I are used • .
with small input optical signal so that the FEL operates in the exponen- -10.0-
tial gain regime.

In the small signal (exponential gain) regime. we use (7) 00

and (8) to calculate the complex index of refraction from :-

the (averaged) numerical values of k;' dd4/dz and 0.0 -0cc
(k.,a,) - da5/dz, computed at r = 0. Fig. 4 gies Re n 2.0 4.0 "' 20• 60 0 O 0o D

and Im n as functions of the initial electron energy. We Radio Oitonc rtCm) A5

note that at maximum gain Re n < I. This is different
from ihe high-gain Compton FEL without space charge. Fig. 6 A 3-D plot o the optical field amplitude d,,rihut~on i the ,at-
where maximum gain is obtained exactly at Re n = 1. ration regime.

The shift from Re n = I at maximum gain in a Raman
FEL is due to the effect of space charge. and is known to
occur in high-gain Compton FEL's as well if space-charge E

effects are taken into account [10]. 111]. Due to this shift.
it is not possible to enhance both gain and optical guiding ,
indefinitely by increasing the current density. Instead, M 4
there is a maximum current density for optimal guiding
and gain. 2

At saturation, plots for the optical beam radius and the -
field amplitude are given, respectively, in Figs. 5 and 6. o

1.. 0We see in Fig. 6 that a part of the beam escapes from the 0 20 40 60 80 100
strict confines of the guided beam. and the appealing anal- AXIAL DISTANCE z cm)
og) to an optical fiber with a well-defined edge and con- F 7 rhe I K¢al heam radiu, alone the undulatr in Ih Rjmap FEL

stant refractive index 131 becomes somewhat questionable operating in the exponential regimc with current dcnitv reduced to Ilt)A / cn"

at this stage. The reason for this behavior is that at satu-
ration. the electrons are trapped in the ponderomottve po-
tential, and the consequent oscillatory motion leads to IV. OPTICAL GUIDING IN A WAVHGUlIDI-

negative values of ( cos ' /'y ). Th-is. in turn, results in CONFIGURATION

Re n < 1, and a diverging optical beam. The loss of op- In this section, we calculate optical guiding in a wave-
tical power from the guided beam may be irreversible un- guide configuration foI the parameters given in Table I,
der such conditions. A possible remedy is to taper the un- column 2. The radius of the waveguide (R) is taken to be
dulator in a manner which will keep (cos ' /y > positive. apprecidbly larger than the radius of the electron beam

In Fig. 7. we show optical guiding of a beam in a Ra- (r,). permitting several waveguide modes to interact with
man FEL with the parameters of Table I, column 1, ex- the electron beam via the FEL mechanism. The purpose
cept that the current density is reduced to J = 100 A/cm2. of the calculation is to establish that a test of optical guid-
The beam radius is seen to inc,'ease to approximately I ing can be undertaken in a typical Raman FEL producing
cm. radiation of wavelength - 2 mm.
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Before we present details of our calculation, we give a [I exp 0))
qualitative overview. We consider the small-signal (ex- "r
ponential gain) regime. Experiments [12] have reported
accurate measurements of the threshold undulator field re- /exp [- i(4' - 1
quired to cause regeneration in an FEL oscillator. The - -rb)l (13)
coefficient of exponential growth depends on the beam //
filling factor (for constant field amplitude throughout the where the 6 function arises from the assumed step-func-
waveguide, this would be rb/R 2 = 0.06 for the case cho- tion form for the electron beam density shown in Fig. 1.
sen). Should optical guiding occur, we expect that the fill- We assume that the term ( exp [ -i(*j - ,)]/y ) is in-
ing factor would show appreciable enhancement. as the dependent of 0 and neglect any poloidal asymmetry of the
waves are more tightly bound to the electron beam. An beam, which means that the only surviving terms in (13)
enhanced filling factor, in a resonator with fixed losses, are those with t = 1. We let C,,,(z) = C, (z) 6e. , and
will cause a reduction in the undulator field needed to ini- drop all subscripts e. We finally obtain
tiate oscillation. We report below calculations which not
only- show optical guiding, but which also demonstrate dC a . K,,, exp [i(k, - k,)z]
enhancement of the filling factor. As a boundary condi- C c k,,(K 2 R2 - I) [J,(K.,R)]f
tion. we take the optical wave input to the electron beam
at the beginning of the undulator to be the dominant TE,, I'h ( exp
mode of the cylindrical waveguide. Two cases are corn- drrJo(K,,r)
pared. having comparable growth rate: a case where op- ' ,,

tical guiding occurs, and one where it does not. The only (14)
parameter distinguishing the two cases is a slight change
of wavelength. and

In the presence of a waveguide. (6) needs to be replaced
by an appropriate wave equation. The starting point of the a, exp (to) = - O C LJ0 (K,,r) exp [i(k,, - k,)z].
analysis is the Maxwell's equation for a TE wave. given 2km Km
by (15)

( 1 4 Equations (14) and (15) are coupled with (3) and (4) to
-2  ,t"B2 ( t = - (V X J)., (9) form a complete set of equations. In oir model, the cur-

rent density in (9) is purely transverse and does not excite
where B,. is the z-component of the time-dependent mag- TM modes.
netic field associated with the radiation. B,, is represented We note that (12) allows only a finite number of modes
as to propagate in a waveguide for a given wavelength. For

the parameters listed in Table I. column 2. the maximum
BZ( F. t) = mc Cr,(z) Je(K,,,r) e'io number of propagating modes is 15. These parameterse ,. correspond to a value of Re n slightly greater than unity.

exp [i(k, z - wt)], (10) The numerical simulation is performed in the exponen-
tial gain regime; the total energy is conserved within the

where Jr is the Bessel function of order e. and Ke,, and ke,, limits of computational accuracy. At input, the optical
are subject to the conditions wave is assumed to be a TE 1 mode.

Fig. 8(a) shows a plot of the filling factor along z, de-
d- Je( K0,,, . (i) fined as
dr

and .) drra2( r)AU drra,( r).

+ k - (12) Fig. 9(a) is the corresponding optical field distribution for
c- a computation with 15 coupled modes. Note the radiation

grows much more rapidly on the axis of the waveguide
The amplitudes Ce,, (z) are slowly varying along z and are than at the wall. Next, for the sake of comparison, we
generally complex. Neglecting terms involving the sec- artificially decouple the 15 modes by following the evo-
ond derivative of Cem(z),.(9) becomes lution of each mode as if the other modes do not exist.

and then take the sum of the outputs for each mode; the

2k,, dCe,(z) J1(Kf,mr) exp [i(O + kt,,z)] results are shown in Figs. 8(b) and 9(b). We find that the
dz filling factor is higher for case (a) than for case (b). im-
I plying that more optical pow'er is confined in the central

S,r- exp [i(O + kz)] region for case (a) than for case (b). This demonstrates
C- that mode-coupling effects play a crucial role in refractive
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Fig. 8. The filling factors for (a) 15 coupled TE waveguide modes and (b) ,'0)
15 uncoupled TE waveguide modes in a Raman FEL operating in the
exponential gain regime at k, 40 cm-'. which corresponds to Rt (n)> I. oo
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Fig. 10. The optical field amplitude distribution in a Raman FEL operat.
Ing in the exponential gain regime with i4 coupled TE w.iveguide modes.

20. k, = 38 cm-', which corresponds to Re (n) < I and maximum FEL
gain.

gain is high, and the field distribution is almost that of a
growing TE,1 mode. Mode interference accounts for the

.0 I periodic variation of amplitude dlong the z-axis.
SIn Fig. 10, we show the field distribution for the same

.m as Fig. 9 s ecet is taken or e same
4 parameters as Fig. 9(a) except k, is taken to be 38.0 cm" ',

corresponding to peak gain. Compared to the case of Fig.
Vi 9(a), the optical guiding is poorer. This illustrates the

00$  point that due to the effect of space charge. optimal re-
o,.0 04 0 afractive guiding requires that the input electron energy be

Re-ie, 0,,,.,, (CM) 12 offset from the energy corresponding to peak gain.

(a) V. CONCLUSION

W o. We have examined the feasibility of optical guiding in
a Raman FEL, taking parameters appropriate for the de-
vice at Columbia University in particular. Optical guiding
is seen to occur in both the exponential gain and satura-

10 tion regimes. The effect of a waveguide structure on guid-
* ing is studied. It is found that coupling between the prop-

agating modes plays a crucial role in determining the
* effectiveness of refractive guiding in a waveguide envi-
f ronment.
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Observations of Optical Guiding in a Raman Free-Electron Laser

A. Bhattacharjee, S. Y. Cai, S. P. Chang, J. W. Dodd, and T. C. Marshall
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Evidence for optical guiding of 1.7-mm-wavelength radiation along an electron beam in a Raman
free-electron laser is obtained experimentally and compared with numerical simulations. Optical guiding
is manifest as the interference effect of several waveguide modes; this is observed beyond the point of
electron-beam termination. The experiment operates in the regime of exponential signal gain and appre-
ciable electron-beam space charge.

PACS numbers: 42.55.Tb

In the free-electron laser (FEL) the electron beam not The numerical study, with the 2D FEL and self-
only is the source of energy for the growing electromag- consistent electromagnetic equations appropriate for
netic (EM) field, but can, in addition, distort the wave modeling of our system,6 describes an electron-beam fila-
front and alter the phase velocity of the radiation; this ment (rb -2 mm) on the axis of an overmoded cylindri-
leads to a focusing effect known as optical guiding, cal waveguide (R-9 mm). Other parameters are
which offsets the diffractive spreading of the optical electron-beam energy 800 kV, current density 2000
beam. Optical guiding has been studied theoretically in A/cm2, normalized undulator vector potential a, -eBJ
the FEL Compton regime "5 and has beeri shown to komc 2>0.3, helical undulator period 2x/ko-17 mm,
yield guiding over many Rayleigh ranges. and FEL radiation wavelength 1.7 mm. The theory in-

Recently, we have presented calculations 6 that indi- cludes the effects of space charge, appropriate to the Ra-
cate optical guiding should occur in the Raman regime man FEL The FEL device is operated as a self-
(conditions of appreciable electron-beam space charge, amplifier of noise, which grows exponentially to a point
"weak" undulator field, and "long" wavelength'). These of near saturation at the end of the undulator (50 cm)
calculations account for the presence of an overmoded where the optical-guiding effect is observed.
waveguide, customarily used in order to contain the EM The computations use the Hamiltonian equations for
radiation as well as to provide a stable equilibrium electron dynamics and Maxwell's equation for the nor-
geometry for the electron beam. However, the malized vector potential of the radiation field a,, driven
waveguide is not necessary for the containment of the by the transverse source currents which excite the TE
EM fields when optical guiding occurs. Recent experi- modes of the waveguide. These equations are described
mentst at MIT have found that the mechanisms promot- in detail in Ref. 6. Note that the FEL mode couples to
ing optical guiding do indeed occur. However, because the waveguide via the dispersion relation which predicts
only the dominant waveguide mode propagates in the the excitation of only a few waveguide modes; however,
MIT FEL, the FEL mechanisms which support optical additional modes can be excited by mode coipling
guiding do not sustain a truly guided wave but rather caused by the nonlinearities in the single-particle equa-
modify the profile of the radiation intensity near the tions. The higher-order modes are excited at the FEL
electron beam'; in addition, there are subtleties intro- frequency, but their axial wav numbers differ because
duced into their experiment because the electrostatic of the waveguide dispersion. In Fig. I (a) is shown an ex-
waves are important.10 The FEL experiment at Los ample of optical guiding in a waveguide where ten
Alamos National Laboratory has revealed t a "bending" higher-order modes are excited: Note that the field am-
effect of the radiation contained in the optical resonator. plitude grows more rapidly on axis than off axis. Guid-
La Sala, Deacon, and Madey have also recently reported ing enhances the power gain and growth rate, because
on optical guiding influenced by gain guiding effects. 12  the "filling factor" is enhanced. We find that the in-

In this Letter we report experimental results, com- clusion of "evanescent" waveguide modes in the calcula-
pared in detail with numerical computations, which are tion results in no change in these results. For computa-
consistent with refractive optical guiding effects as they tions we assume that the source field at the undulator en-
occur in a Raman FEL experiment at Columbia Univer- try (z -0) is a TEI mode. Although the values of the
sity. In contrast to the MIT experiment, the shorter field amplitude in Fig. 1(a) are consistent with the ex-
wavelength in our apparatus permits the excitation of perimental situation, we remark that as long as the ex-
several waveguide TE modes which interfere and permit periment is operated in the exponential gain regime, the
a truly optically guided beam to form. The interference field profile at z -50 cm and the guiding achieved there
pattern, which is observed in both the numerical simula- are not sensitive to the choice of a, (0), because the sys-
tions and the experiment, is evidence of optical guiding. tem is several e-folding lengths long.
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(a) lating the interaction of the electrons with each TE mode
independently and then superimposing the solutions.
Note that guiding has less effect on growth for wave
numbers less than that of the gain maximum (this asym-

'metry is a consequence of the space charge). This effect
at longer wavelengths can be described as "antiguiding":
What happens in this range of wavelengths is that the
phase behaves as d$/d: < 0 rather than d/dz > 0. The
effect on the wave profile is that of flattening rather than

3 /a peaking, and this contributes to a reduction of fillingfactor and a slight reduction of growth rate. In the ex-

(CO) perimental study which follows, the FEL is operated in
5the mode of amplifier of noise, and therefore the signal

0.0- observed at the end of the undulator has the wavelength
0'3 0.corresponding to maximum gain (for which guiding

AOIAL O|STANCE (CM) 0.9 occurs).
The experimental apparatus is shown in Fig. 2. The

(b) 6,0- diode, generation of the electron beam, and apparatus
have been already described in detail elsewhere.13 The
electron beam is abruptly terminated by a polyethylene

.40 \COUPLED MOES "witness plate," which permits the 1.7-mm radiation to
1-7,pass. The intensity profile within the drift tube is exam-

ined with use of a "waveguide probe," which consists of
zoo \UNCOUPLED MOES a 2-mm-diam cylindrical waveguide fitted with a plastic

horn antenna. 14 The local fields in the drift* tube launch
1 , , , a guided wave on the dielectric material of the horn,

37.0 38.0 39.0 40.0 41.0 which conveys the radiation into the small waveguide
k, CCM.~ I and thence to a Schottky-barrier detector following a"

FIG. 1. (a) The exponential growth of 1.7-mm-wavelength high-pass (X < 2 mm) filter. The characteristic far-field
optically guided waves an an electron beam in a cylindrical pattern of the probe is a narrow forward-directed lobe
waveguide (drift tube) described in the text. The ordinate is
the normalized magnetic vector potential of the FEL radiation having a 3-B half width 10, with side lobes down
and the axial distance is measured along the axis of thea by 15 dB. Prior to measurements of the guiding, the
and undulator. (b) The growth-rate spectrum of the Raman spectrum of the FEL radiation was examined to establish
FEL, showing the computed guiding case ("coupled modes") that the correct wavelength was being generated and
and the unguided case ("uncoupled modes"). The parameters detected. Also, it was verified that the FEL radiation
are the same a; in the paper, except that the electron-beam ra- was growing exponentially along the undulator up to the
dius is 3 mm a ad the waveguide radius is 12 mm; this accounts point of electron-beam termination. The waveguide
for the diffen nce in wavelength. "Antiguiding" occurs for probe has no effect on the electron-beam equilibrium,
k < 37.s c m'. and the FEL radiation passes beyond it and diffracts out

the open end of the drift tube. The witness plate, 6 mm
In Fig. I (b) is shown the effect of optical guiding on thick, must be replaced roughly every six shots; this re-

the growth rate, for slightly different parameters than quires a sturdy mechanical jig for the probe so that it
Fig. I (a). The guiding can be "turned offr' by our calcu- can return to its initial position. The experiment uses a

O... (T) i PROsING

S I () WAVEGUIOC
GRAPHITE ELECTRON BEAM OIA.. 2m
ANO p OIA..4mm. 600........ Ov ANTENNA F /ILTER

CATMODE /.
" .. ... 7=='-I " /n, c~

FIELO-WMEREO ()<2mm)
VACUUM 01OO WAVEGUIDE: 2R- I Tffi WITNESS

lo- 60cm -.---.- ~ PLATE
SEAMSOLENOID STOP

FIG. 2. Schematic of the FEL apparatus. The diode, containing a cold cathode, is attached to a pulse-line accelerator. The
waveguide probe diagnostic is located behind the "witness plate," which is at the end of a 50-cm-long undulator.
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, 0 propagating beyond the witness-plate termination [same
conditions as Fig. L(a)]. One should note a characteris-
tic "sloshing" of the radiation in the waveguide, resulting
in periodic maxima along the z axis and off-axis local

S.-minima correlating with minima on axis. This is caused
by the interference of the several modes responsible for

2 the optical guiding, these modes, having different radial
*- and axial wave numbers, account for the complex radia-

tion pattern beyond the witness plate. (If the modes are
artificially decoupled, in which event there can be no
guiding, the radiation is dominated by the TE1 mode
and no such interference pattern results.) The periodici-

t ty along the axis depends on the waveguide modes; that
tm is, it is determined by the waveguide size and the operat-

0.6 0,SretCE ing frequency. The location of the first and subsequent
minima does, however, depend on whether there is guid-
ing or "antiguiding"; our calculations show that in the

FIG. 3. A view of the computed optically guided radiation latter case, the positions of the maxima and minima fall
shown in Fig. l(a) when the electron beam is terminated at on the respective minima and maxima of Fig. 3.
z -50 cm and the EM waves proceed down the empty The data are assembled from > 100 shots, selected for
waveguide. If the modes are decoupled, the intensity would be nearly identical diode voltage, and are presented in Figs.
nearly constant beyond the termination point. 4(a)-4(c). The intensity variation along the z axis

agrees satisfactorily with the guiding (at gain-maxi-
mum) theory. However, if the undulator field is reduced

constant magnetic field (= I T) for electron-beam guid- by -, no such periodicity of intensity along the axis is
ing and focusing. As the FEL frequency is far above the observed, in agreement with the numerical simulation
electron gyrofrequency, the only physical effect of the which predicts virtually no guiding under these condi-
guiding field is to enhance the electron quiver motion in tions. The radial profiles of the intensity at the axial in-
the undulator. We model the guiding-field effect in the tensity minimum [Fig. 4(b)] and maximum [Fig. 4(c)]
theory with use of an undulator magnetic vector poten- also show the expected qualitative features. In Fig. 4(c)
tial which will produce the level of quiver motion ob- is also plotted the TE1 intensity distribution for compar-
tained in the experiment. ison with the prediction of. the optical-guiding intensity

In Fig. 3 is shown a computation for the radiation profile; in this case the intercepts of the theory curves are

140 110

220.
1O -

300 -o00i

180 140 -

200 1 T
0 40

ISO j 00. so

so 40
40 40

50

20 .0

s0 45 0 6$ 70 is 0.2 0 0 04 ID01 0 0.1 0.2 0.3 04 05 2 0 0.7 0. 0.9 .0214.r) 
f/Ra /R

(a) (b) (c)

FIG. 4. Experimental data (points) compared with theory (solid or dashed lines) from Fig. 3; the experimental data are the detec-
tor signal in millivolts, while the theoy scale is arbitrary intensity units. (a) Dependence of intensity along the z axis behind the ter-
mination point (z -50 cm) of the electron beam. The axial location of the data points is inexact to the extent - I cm because of the
finite length of the waveguide probe. (b) Radial dependence of intensity at z -58 cm and (c) z -65 cm. The dashed line in (c) is a
plot of the TE11 mode intensity which is expected if no optical guiding occurred, and both theory curves are normalized to the same
point to fall within the range of the data at r -0. The radial resolution of the probe is - m mm.
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