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I. Introduction )

This is the final report on work performed under the support of AFOSR

Grant F49620-85-K-0021 during the period 1 Oct. 1985 to 30 Sept. 1987. The
investigation covered the generation of radiation from relativistic electron
beams. The scépe and findings of the investigation are summarized in section A
II. Further details of this work, in reviewed papers, preprints and reports,

are appended.

II. Summary of Work Accomplished

During the funding period 1 Oct. 1985 to 30 Sept. 1987, we carried out
AFOSR supported research into mode competiton in the Lowbitron and efficiencv
enhancement through magnetic field profiling; a novel method of gain and
efficiency enhancement in the CARM (Electron Cvclotron Autoresonance Maser)

which makes use of a transverse helical wiggler to inhibit parasitic

autoresonant acceleration of electrons by the electromagnetic wave; absolute
instablility and tunability of the CARM through varying the solenoidal field;
and cyclotron effects in an FEL (Free Electron Laser) withAan axial guide

magnetic field. We also investigated the technical specifications for a CARM f
oscillator in the megawatt power range, with the ailm of designing a cost
effective experiment utilising an existing Magnetron Injection Gun and a
gyrotron magnet, which will serve to verify the basic physics of the CARM and t
demonstrate its viability. Extensive use of computer simulations using by

relativistic, electromagnetic PIC codes was made in these studies. »
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II.1 Mode Competition in the Lowbitron

The lowbitron is a Doppler-shift dominated cyclotron maser with a '
longitudinal wiggler field such that the net magnetic field is of the form, B Y
=2(Bc+Bw81nsz), vhere By, and B, are respectively, the wiggler and solenoidal Y
fields.1:2 The lowbitron has certain attractive features. It is capable of
generating coherent radiation at a frequency w=(k+ky)vy+Qe # 2v2(kyv,+Q.), v
where v, is the beam velocity along the solenoidal field and Q. is the
relativistic cyclotron frequency. This output frequency is higher than that

produced by a free electron laser with the same wiggler modulation, ki, or A

that produced by a Doppler-shift dominated cyclotron maser with the same Q..
Furthermore, it has the practical advantage in that the longitudinal wiggler
is easier to produce, and the wiggler modulation easier to change, than is n
the case with the transverse wiggler in an FEL. However, it had been thought
that the efficiency of this device would be low.

A 12/2-d particle code3 has been used to study the lowbitron. The
simulations (Appendix 1) show that the cyclotron mode w=kv,+Q., and the )
lowbitron mode w=(k+ky)v,+Q. can be simultaneously excited by the electron
beam. Competition between these two modes lead to a finite threshold in
B, /B, for efficient operation. Figure 1 shows the efficiency and growth rate
as a function of By. The growth rate initially decreases as By, increases,
until a threshold at B,,"B./2 is exceeded, after which the growth rate
increases linearly with B,, and the lowbitron mode dominates. Efficiency as

high as 257 is attained in the simulations.
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II1.2 A High~Efficiency Lowbitron

The efficiency of the lowbitron can be further increased with
appropriate tapering of the solenoidal field to prolong the deceleration
phase of the electron-wvave interaction. The dynamic pliase shift of the
lowbitron is given by Ad = [ (k+kw)sz - (QC/Y)AY 1t, where t is the
electron transit time in the interaction region. As the rate of change of
phase due to v, and vy are not, in general, equal, the electron eventually
drifts into the acceleration phase with respect to the wave, and so ceases
the transfer of energy to the wave. To prolong the deceleration phase, the
solenoidal field can be tapered so that A% remains small. We find that it
is possible to raise the untapered field efficiency of 257 to more than 407

by increasing the solenoidal field with time.

II1.3 Enhancemant of Gain and Efficiency in _a CARM

The Doppler-shift dominated cvclotron autoresonance maser (CARM) is an
attractive source of coherent radiation in the millimeter and submillimeter
wavelength range.4 It possesses a favourable ouput frequency scaling with
electron beam energy, as well as the potential for high efficiency. The wave
frequency for resonant wave-electron interaction is w=kv,+ Q., which scales
approximately with the beam kinetic energy as wwyzﬂc, Y, belng the Lorentz
factor of the beam. For relativistic phase velocity vp=w/k=c, the change in
Q. is largely compensated by the change in the Doppler term when an electron
interacts with the wave. This phase-locking mechanism between electron and
vave provides the basis for high efficiency. However, one drawback 1is that

the gain decreases as vpC. Recalling that an electron can lose as well as
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gain energy in its interaction with the wave, the decrease in gain can be

viewed as increasing competition between the processes of stimulated electron

emission and absorption.

We have found that both the gain and efficiency can be significantly

enhanced by adding a transverse helical wiggler field to the CARM in the

interaction region. The wiggler field is that produced by a bifilar current

winding used in present free electron lasers, given by the model equation

§V=Bw(§Cossz + ySinkyz). (The net static magnetic field configuration is

the same as that in an FEL with a guide magnetic field, but unlike the FEL,

the electron beam is injected into the wiggler region with a finite

transverse velocity.) The wiggler is used to effect selective inhibition of

autoresonance acceleration of electrons (or stimulated absorption) by the

' vave. In the combined wiggler and uniform axial magnetic field, the

unperturbed electron velocity has an oscillating cumponent, v,2v,+uCos(Q.-

kyVo), where v, is the mean value and wx(Qc-kwvo)’1 is small, awvav from

gyroresonance (Q.=kyv,). By choosing appropriate values for By and ky, it

may be arranged such that electrons that undergo autoresonance acceleration

will approach gyrosonance, acquiring large oscillations in v, which quicklv

detune the electrons from resonance with the wave. and thereby, terminating

On the other hand, electrons that lose energy to

the acceleration process.

the wave will suffer less perturbation in v,, allowing them to stay locked in

Further details of this enhancement mechanism are given

phase with the wave.

in Appendix 3. One and 2/z-d particle simulations show that significant

enhancement in gain and efficiency might be achieved. Figure 2 shows an

example of the efficiency and gain in a CARM with (solid dots), and without

thollow dots) a wiggler field, as a function of the wave phase velocity

Bp=w/kc.

K S0 I O T S N A e Y R Y RTINS R N LI S B R R T R e I S - .
R It P e T M SR v e 17§ (L0 I 2 L DR [ Ot SRR SRR e A A AL T e



Y e o w a

B L - « PRI T 50
G O oo

S S  E

-
' $2

o

@ 2

"J"

-

c&disl ¥

s

W
&
M)

...........

0.4

- | 1 1

;’f {a)

SN :

X

g

2 .0-2— .

8 .

% r-' -

o °
oL I 1 I
1.000 1.005 1.010 1.015
| 1 |

0.10 o -

Ef;

==

2 0-05" =

4

£

=

s

o (b)

0

1.000

. n!‘q"'s'!‘.',’:‘. Wby ﬂ! ‘:‘l'. if'.o'f‘u‘a'., .O':‘Q r

o I
1.005

M |
1.010
Beh

Figure 2

. A T " P .
WAL Y 'r'

!
1.015

LS TS T T T T T LI TL R,




R
Vortaha!

T A VUL AR LR A L RN A TR R A T TRV O L T OO R Y, ROV atar vl i DAtk bt 4, S

-

11.4 Stability and Tunability of a CARM Amplifier

Frequency tunability of a CARM amplifier mav be achieved by varying
either the electron beam energy or the magnetic field. The viability of the
latter scheme has been investigated using theoretical analysis and computer
simulations. Stability consideration dictates an upper limit to the magnetic
field that can.be used to upshift the frequency in a CARM. If the cyclotron
frequency is too high, the cyclotron mode can excite a low frequency back
propagating wave, as well as the desired high frequency forward propagating
wave, resulting in an absolute instability (oscillation). One way of
suppressing the oscillation is to use a resistivelv coated waveguide. An
example, using a TEgq mode, and an electron beam with the parameters (767keV,
2.SkA, v,/c=0.4) is considered. Analytic theory developed by Briggs5 and Chu
et al® is used to predict the threshold for the absolute instability. It is
found that a 40-607 variation of the magnetic field can be achieved for a
maximum wall resistivity, parameterized by 6=0.01, where 8 is the ratio of
wall skin depth to wall radius. A 407 variation in the magnetic field,
however, can lead to a frequency tuning range of over 1007. Computer
simulations for these beam parameters show linear growth rates in good
agreement with theory. Efficiency in excess of 207 can be achived before
wave saturation by electron phase trapping. The effects of beam momentum
spread are also studied in the computer simulations. They indicate that hisgh
beam quality is crucial at high operating frequency. The CARM ceases to be
an attractive device for beam momentum spread greater than 37. Further

details are given in Appendix 4.
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II.5 CARM Oscillator Design and Analysis

Investigations into the CARM to date have been confined mostly to
theoretical studies. In light of the favorable theoretical expectations, it
is of pressing interest to design a specific experiment which would allow
verification of our understanding of the basic physics of the CARM and
demonstrate 1t§ viability as a practical device. With these aims in mind, we
have initiated a study into the technical specifications for a cost effective
CARM oscillator. -The CARM oscillator would operate in the megawatt power
range and would make use of an existi.g Magnetron Gun and gyrotron magnet.
The study analysed design of the Bragg reflector and resonant cavity. Mode
competition with the backward wave is expected to be a important problem and
this was analysed for specific oscillator configurations. Based on the

analysis, a tentative design for a CARM oscillator is as follows:

voltage . . . . . . . . . . . . . . . 400 KV

current . . . . . . .. ... ... .25 A

VL/Vz N - A

operating frequency . . . . . . . . . 150 GHz

cavity Q . . . . . . . . . . . . . . 376 )
cavity length . . . . . . . . . . . .51 cm

cavity radtus . . . . . . . . . . . .29 cm

axial magnetic field . . . . . . . . 37 kG

beam fi1ll factor . . . . . . . . . . 407
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11.6 Hybrid Cvclotron instability in an FEL with Axial Guide Field

rrom simulations using a 12/2—d particle code, it is found that a hybrid

cyclotron instability can be excited at w=(k+2k,)v,-Q., with relatively large

growth rate and high efficiency. This instability may be explained by the
following simple picture. In the combined wiggler and axial magnetic field,
the beam electrons have a natural frequency of axial oscillations, given
approximately by w'=1Q.-kyv,| (asuming a right helical wiggler). An

electromagnetic wave with frequency w=(k+2k)v, -Q. will produce an axial

ponderomotive force at the resonant frequency of electron axial oscillations.

The resonant ponderomotive force can lead to large amplitude oscillations in

the electron axial velocities, which, in turn, is coupled through the wiggler

field to give rise to a transverse current which reinforces'the wvave at
w=(k+Zky, vy~ Q.. The existence of a natural frequency of oscillation in the
electron motion was first pointed out in an earlier analytic work by
Friedland and Hirshfield.’ They were primarily concerned with using this
effect to enhance the free electron laser gain very close to gyroresonance,
or the unstable beam propagation condition (at gyresonance, the frequencies
of tl. hybrid and FEL mode {(w=(k+ky)v,) become the same). Subsequent
authors8:9 have also ignored the existence of a separate hybrid mode.
Results from our simulations (see Appendix 6) show that the hybrid mode can

be distinguish from the FEL mode. Also, and more importantly, an

autoresonance effect appear to occur under certain circumstances, giving rise

to high efficiency (>307) for the hybrid mode. This hybrid mode may lead to

new versatility for the free electron laser.
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Enhancement of Efficiency and Gain in Cyclotron Autoresonance
Masers.

Stability and Tunability of a CARM Amplifier.
. Preliminary Design for a 30 MW CARM Oscillator.
. CARM Oscillator Study.

Hybrid Cvclotron instability in a Free Electron Laser with an
axial magnetic field.

"5 = - ur v O Loy L e R SR TR IR P ., : . . v Y
gy o G Y ™y T g o e NS O AT TN P o e N Y T R N N

2

Ll v



AN DR IR MR T AN R A R AN KA AN MR UNY W UK UN LY LS U AR U, LY TS TR ) Vi R SR N AN AN S AN A KRR URNUR L FUND VRO WL WO

APPENDIX 1

y
i
‘r
‘ ‘
! !
| t
1, 3
N i
4
1,
¢
]
,
\
1
¢
4 d
¢ L
N
»
t
n-u,_-f- T U R L e T AR AT Tt R S T TS R T PR TR T T .
St Sl e b i A s G T B T T, L N Y MENRR A SRR NN ' '(‘ W A T M G < X, " w L)



KRR

%,

Competition of electron-cyclotron maser and free-electron laser modes
with combined solenoidal and longitudinal wiggler fields
A.T. Lin and Chih-Chien Lin
Department of Physics, University of California at Los Angeles, Las Angeles, California 90024

(Received 26 December 1985; accepted 7 February 1986)

A relativistic electron beam with a finite transverse dc momentum (8, = 1/¥,) passing througha
region of combined uniform solenoidal and longitudinal wiggler magnetic fields is observed to

convert 25% of its kinetic energy into coherent radiation at frequency » =

Yg(kwyo"'ne/?’o)lf

the phase velocity of the generated wave is slightly above the speed of light. In this situation, the
burchings of the slow electron-cyclotron mode and free-electron laser modes with combined
solenoidal and longitudinal wiggler fields (lowbitron) are observed to compensate each other,
which gives rise to a finite threshold for lowbitron operation. In order to attain high efficiency, the
wiggler strength of a lowbitron must substantially exceed the threshold.

In the millimeter and submillimeter wavelength ranges,
the free-electron devices being actively pursued at many in-
stitutions include the gyrotron,' Doppler-shift-dominated
cyclotron maser,> and free-electron laser.** In all these
devices, the energy exchange process is one of converting
relativistic electron beam kinetic energy into coherent radi-
ation energy by slowing the electrons down through electro-
magnetic forces. In order for electrons to give up their ener-
gy efficiently, they must be bunched in the decelerating
phase of the generated wave and remain in this favorable
phase as long as possible. The bunching force can come ei-
ther from a fast wave or a slow wave. In these wavelength
ranges, most experimental efforts are concentrated on gyro-
trons and free-electron lasers. However, a very attractive
alternative to these devices is the Doppler-shift-dominated
cyclotron maser. This mechanism for generating microwave
radiation possesses the potential of achieving high efficiency,
as well as a favorable output frequency scaling with the elec-
tron beam energy. Recently it has been shown theoretical-
ly*” that a relativistic electron beam with a finite transverse
dc momentum passing through a region of combined uni-
form solenoidal and longitudinal wiggler magnetic fields
(lowbitron) is capable of generating coherent radiation at
frequency w=273 (k, ¥, + Q./7,), where §), and ¥, are,
respectively, the solenoidal field electron-cyclotron frequen-
cy and electron axial velocity, k,, is the wiggler wavenumber,
and y, is the electron relativistic factor. The output frequen-
cy is tunable by varying the electron beam energy and is
higher than the frequency from either a free-electron laser
with the same wiggler wave number or a Doppler-shifi-
dominated cyclotron maser with the same solenoidal field.
However, the energy conversion mechanism is thought to be
a low-efficiency process. On the other hand, it has been dem-
onstrated® through computer simulations that a Doppler-
shift-dominated cyclotron maser operated in an autoreson-
ant region can convert 25% of the beam kinetic energy into
coherent radiation. In this paper, we carry out computer
simulations to show that using the magnetic configuration
described above also has the potential to achieve high effi-
ciency.

Consider a thin pencil beam of relativistic electrons that
traverses on axis through a magnetic field region of the form
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B =2(B, + B, sink,z). (1

The strength of the solenoidal (B,) and wiggler (B, ) mag-
netic fields can be comparable in experiment. The electron
transverse motion under the influence of the magnetic field
expressed by Eq. (1) is a superposition of Larmor and
wiggler motion so that a transverse electromagnetic wave
(w,k) becomes resonant with the electron motion if the fol-
Iowing condition is satisfied:

w=(k, +k, v, +Q./7. (2)

In emitting a transverse electromagnetic wave propagating
along the axial direction, an electron resulting from the re-
coil of wave momentum will lose both its energy and axial
momentum such that

dz dr,
@ @

where £ = myc?y and v,, is the phase velocity of the wave.
Replacing P, by myyv, in Eq. (3) yields
Ay = vBuB8./(1 —Bubo), 4)

where B = v/c. In order for an electron interacting with a
wave to lose its energy as well as its axial velocity, ¥V, must be
less than c*/u,,, . In this situation, the phase shifts caused by
the Doppler and cyclotron terms will compensate each oth-
er. In doing so, the electron can remain in resonance with the
wave for a long time, and it converts most of its kinetic ener-
gy into radiation. The compensation becomes exact if the
phase velocity is close to the speed of light and the resonance
condition is fulfilled initially. This can be seen by examining
the expression for the dynamic phase shift,
= — [(k, + k,)Av, + R A(I/V)]T, (5

where T is the electron transit time in the interaction space.
Substituting Eqs. (2) and (4) into Eq. (5) yields

k, e
_.__ - (1=
[[ ﬁ.. B.,.( M"‘)]

x( 1-— _ﬁ°_.) } T (6)
Bon

Since the second term of Eq. (6) must be negative for an

electron to lose both its energy and axial velocity at the same
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time, the phase velocity of the generated wave must be
greater than the speed of light for the dynamic phase shiit to
remain small. In a lowbitron, the condition for A¢ to be zero
is no longer ¥, = cbutis ¥, > c. This is to compensate the
phase shift arising from an electron executing wiggler mo-
tion in a longitudinal wiggler field.

Without the longitudinal wiggler field, the relativistic
electron beam with a finite dc transverse momentum propa-
gating through a region of uniform solenoidal field is already
unstable with respect to electron-cyclotron maser instabil-
ity. The introduction of a longitudinal wiggler field will be
considered as a perturbation to the original unstable system.
The dispersion relation of the electron-cyclotron mode can
be expressed as* :

@?
ot — ki =22
' Yo \@ — k0o — Q./7,

B3 (w? ~ k2c?) )
2w — k,vo— 0./75)2/°

where @, is the plasma frequency of the electron beam.
There are two types of instabilities with different bunching
mechanisms. In the regime of ¥, >c (fast wave), the
bunching mechanism depends on azimuthal electron bunch-
ing caused by the relativistic change in electron mass when
electrons interact with the transverse electric field of the
wave (the so-called negative mass effect). Since an electron
gyrates faster in a magnetic field as it loses energy, the elec-
trons initially tend to bunch in phases where the electric
force ahead is accelerating and that behind is decelerating. If
the Doppler-shifted wave frequency is slightly larger than
the relativistic electron-cyclotron frequency, the electron
bunches slip behind the wave in phase and on average trans-
fer their energy to the wave. On the other hand, for the case
of ¥, <c (slow wave), the longitudinal Lorentz force pro-
duced by the cross product of the electron dc transverse ve-
locity and the magnetic field of the wave provides the neces-
sary bunching. The electrons initially tend to bunch in
regions where the force ahead is decelerating and the force
behind is accelerating. If the Doppler-shifted wave frequen-
cy is slightly smaller than the relativistic electron-cyclotron
frequency, the electron bunches gain on the wave in phase
and on average transfer their energy to the electromagnetic
wave. Therefore, the electron bunching for the fast-wave and
the slow-wave branches should take place 180° out of phase
in the electron phase space. According to Eq. (2), the impo-
sition of a longitudinal wiggler field will shift the phase of
electron bunching by roughly &, V.

In order to investigate the effects of a longitudinal
wiggler on the gain and efficiency of an electron-cyclotron
maser, a one-and-two-halves-dimensional relativistic elec-
tromagnetic particle code’ is used. The following parameters
are chosen: y,=25, B, =1/yp @, =035, k,V,

=0.81o,, and o, = 01_/y,. In order to attain high effi-
ciency, the electrons must remain in resonance with the
wave for a long time, 3o a single mode operation is essential.
This can be accomplished by using either a Bragg’s resonator
for an oscillator configuration or injecting a signal with in-
tensity well above the noise level in an amplifier configura-

@ - kxvo

(N
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tion. Only the results of single X mode simulation will be
given. The phase velocity of the generated wave and the
wiggler strength are varied to determine the parameters for
achieving high efficiency. The electron phase-space struc-
ture [(y—1) s ¢ =0, — k,z, — tan~'(P,/P,)] at the
time when substantial electron bunching has occurred is dis-
playedin Fig. 1. The results of B, = Qareshownin Fig. 1(a)
for a fast wave (V,,, = 1.037c) and Fig. 1(b) for a slow wave
(Vo =0.93¢). It is very clear that the phase of electron
bunching for these two branches differs by 180",

By increasing the amplitude of the wiggler field, the low-
bitron mode withw,, = (k + k) ¥, + 0. /y, will gradually
become dominant over the electron-cyclotron maser mode
with o, = k¥, + Q. /7, In order to investigate the effects
of their competition on the gain and efficiency, a series of
simulations varying the wiggler field from B, =0 to B,

= 1.2B, has been caried out. The wavenumber is chosen to
be kc = 9.8wx, [Fig. 1(b)] so that ¥V, = w,/k = 1.004c,
which meets the condition of autoresonance of Eq. (6). The
time evolution of the generated wave energy for two typical
cases (B, = 0and B, = B,) is shown in Fig. 2(a). For the
case of B, =0, the wave energy exhibits an exponential
growth at early time with a growth rate of , = 0.051w,,
which is close to estimation from Eq. (7) (@, = 0.055w,)
and saturates at a level that is less than 1% of the beam
kinetic energy. The wave energy of the case of B, = B, in-
creases with a growth rate of o, = 0.056w_, but saturatesata
much higher level, which is about 25% of the beam kinetic
energy. The growth rate and efficiency as a function of the
wiggler strength are given, respectively, in Figs. 2(b) and
2(c). The sin.ulation results reveal that the growth rate first

(a)

—(y-1)

0.5 N
25
(b?
~ "’N
!
05 [ -t
0 r (3

—¢

FIG. 1. The pbase space of electron-cyclotron maser modes at o ¢ = 100;
(a) fast-wave branch (V, =1.037c) and (b) slow-wave branch
(Voo = 0.93¢).
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FIG. 2. The effects of longitudinal wiggler on the electron-cyclotron maser
instability; (a) the time evolution of the generated wave energy, (b) growth
rate versus wiggler strength, and (c) efficiency s a function of wiggler
strength.

decreases as the wiggler strength is increased until the
wiggler strength exceeds a threshold, which in this case is
roughly 0.5B8,,. For B,, > 0.6B,, the growth rate increases lin-
early with the wiggler strength and a lowbitron begins to be
able to attain high efficiency.
In order to understand the threshold formation of a low-
bitron, consider the wiggler field as a perturbation to the
electron-cyclotron maser mode. The increase in wiggler field
gradually changes the unstable frequency from the cyclotron
maser mode @, tc the Jowbitron mode w,,. This is demon-
strated in Fig. 3, which shows the frequency spectrum as a
function of wiggler strength. At B, = 0, the frequency spec-
trum peaks at the cyclotron maser frequency
@ = W = 9.04w,. With B, = 0.5B,, two discrete peaks,
one at ® = @, and the other one at w = o, = 9.84w,, ap-
pear in the frequency spectrum. When B, is increased to B,,
the peak at @ = &, becomes dominant. According to Eq.
(2), there are two discrete frequencies (v, and wy, ) for
each k mode. Similarly, in an amplifier system, an input w,
will excite two modes with discrete wavenumbers. These two
modes with a frequency difference of &, V,, tend to interfere
with each other, which gives rise to a finite threshold of the
wiggler field for a lowbitron. The time history of electron
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FIG. 4. The time history of phase space for a lowbitron with B, = B,; (a)
.t =0, (b) w .t =100, (c) &t = 120.
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phase space for a lowbitron with B, = B, is shown in Fig. 4.
The phase of the maxi.num electron bunching differs from
Fig. 1(b) by an amount of roughly k¥, [Fig. 4(b)], and
Fig. 4(c) indicates that phase trapping is the dominant satu-
ration mechanism.

In conclusion, the competition between the electron-cy-
clotron maser and lowbitron modes is believed to give rise to
a finite threshold for a lowbitron. By choosing the param-
eters such that ¥, >¢, a lowbitron is capable of attaining
high efficiency. of the order of 25%.
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A HIGHLY EFFICIENT ELECTRON CYCLOTRON MASER IMMERSED IN A LONGITUDINAL WIGGLER

A. T. Lin and Chih-Chien Lin

Department of Physics, University of California
Los Angeles, CA 90024 USA

Abstract

A telativistic electron beam with a finite
transverse dc momentum (8; = 1/Y,) passing through
s region of coabined upifor- solenoidal and longi~-
tudinal viggler magnetic field is observed to
convert 252 of its kinetic energy into cohereat

2
tadiation at frequency @ = Y (k'Vo + nc/1b)

if the phase velocity of the generated wave is
slightly above the speed of light. 1In order to
sttain high efficteancy, the wiggler strength of a
lowbitron must be comparable to the solenoidsl
field strength. Furtherwmore, the efficiency can
be incressed to about 42X if the solenoidal field

is properly profiled.
Introduction

In the millimeter and submillimeter wave-
length ranges, the free electron devices being
actively pursued at many institutions include
gyrotcon (1], Doppler~shifted dominated cyclotron
naser {2] (3], and free electron laser {4) (S5). In
all these devices, the energy exchange process s
one of converting relativistic electron beam
kinetic energy into coherent radiation energy by
slowing the electrons down through electromagnetic
forces. 1In order for electrons to give up their
energy efficiently, they sust be buached in the
decelerating phase of the generated wave and
tensin {n this favorable phase as long as possi-
ble. The bunching force can come either from s
fast wave or a elov wave. Ia these wavelength
tanges, most experimental efforts are coancentrsted
on gyrotrons snd free slectron lassers. However, a
very sttractive alternative to these devices is
the Doppler—shift dominsted cyclotron maser. This
.Nechaaism of geseratiag microwave radistion pos-
Sesses the potential of achieving high efficiency,
48 well as & favorable output frequency scaling
vith the electron beam energy. Racently it has
been shown theoretically {6) (7] that s relativie-
tic electron besm with a finite tracsverse dc mos~
¢atua passing thcough s region of comdined uaiform
%olenoidal and longitudinal wiggler magnetic
fields (lowbitron) 1s capable of generating co-
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X,
Yo
vhere Q. and V4 sre respectively the solenoidal

2
herent radiation st frejuency & = 215 (kyVo +

field electron cyclotron frequency and electron
axial velocity, &k, is the wiggler wave oumber, and
Yo is the electron ralativistic factor. The output
frequency is tuneable by varying the electron beaa
energy and is higher than the frequency from
either a free electron laser with the same viggler
wave nuaber or s Doppler-shift dominated cyclotron
saser vwith the same solenoidsl field. However,
the energy conversion sechanisn {s thought to be a
On the other hand, it has

been deamonstrated [3] through computer siamulations

lov efficient process.

that a Doppler—shift dominated cyclotron maser
operated in an auto-resonant region can coavert
25% of the beam kinetic energy into cohereant

radiation. 1In this paper, ve carry out computer
sisulations to show that using the magnetic con-
figuration described above also has the potential
to achieve very high efficiency if the solenoidal

nagnetic field f{s properly profiled.

Single Electron Calculation
Consider a thin pencil beaa of relativistic

electroans traverses on axis through a magnetic
field vegion of the form

§=2(s +8, stakpe) (1)

The streangth of the solenoidal (B,) and wiggler
(3,) magnetic field can be comparadle in real

experiment. The electroa transverse sotion under
the fnfluence of the magnetic field expressed by
Eq. (1) 1s a superposition of Larmor and wiggler
wotion so that a traansverse electromagnetic vave

(@, k) becomes tesonant with the electron motion

1f the following condition is satisfied:

(2)

Q
e (k‘ + kv) v, * -$

In eunitting e transverse electromagnetic wave

propagating slong axisl direction an electron due
to recoil of wave momentum will lose both fts
enetfy and axisl momentus such that

"

= af
rlane,
e,




4t dP,
d& " Vpu ¢

(3)

where L = qoczr and vph 1s the phase velocity of
the vave. Replacing P, by m,Yv, in Eg. (3) yields

v 8 A8

sy = 2B %, )

ph o

>
vhere ' - %s Ia order for an electroa interactiang
vith s wvave to lose its energy as well as its

axial velocity, V, must be less than -:—;. Ia this
. P

situstion, the phase shift caused by the Doppler
and cyclotroan terms will compensste each other.

In doing so, the electron can remain in resonance
with the wvave for & long time and coaverts most of
its kinetic energy into radiation. The coapensa-
tion becomes exact if the phase velocity is close
to the speed of light and the resonance condition
is fulfilled initially. This can be seen by exaw
ing the expression for the dynsaic phase shift

84 = =((k, + k) By, + 9.8 (%)] T, 5

where T 18 the electroa transit time fn the inter—
sction space. Substituting Eqe. (2) and (4) into
Eq. (5) yeilds

2 1
Eo-2)-FEa-es,)
s = 3L ’20 T. (6)
1 - ==
( I

Since the second term of Eq. (6) must be negative
for an electron to lose both fts energy and axial
velocity at the same time, the phsse velocity of
the generated wave must be greater than the speed
of light for the dynsmic phase shift to remain
small, In s lowbitron, the conditfion for A¢ to be
tero is no longer Vpp = ¢ but 1s Vi), > c. This is
to compensate the phase shift arising fros aa
electron exscuting wiggler motion in a longitudi-
nal wiggler field.

Electron Cyclotron Maser

Without the longitudinal wiggler field, the
relativistic electron beas with a finite dc
transverse momentus propagating through a region
of unifors solenoidal field 1s slready unstable
with respect to electron cyclotron maser
fastability. The introduction of & longitudinal
viggler field will be considered as a perturbation
to the originsl unstable system. The dispersion
celation of electron cyclotron mode can be

expressed as (8]

ALY YN PRI IS I S - /n’l‘fu"
il '.V A J ~"\

» 8% .‘!“l"

QST L

22

2 - kzc -
7
w? w-kv ‘2 (u - kz ) @
2| zo ¢
Y o2

° -~kzv°-‘-;—: 20 - v, - 35 )
vhere 'p is the plasms frequeacy of the electron
bess. There are two types of instabilities with
different buaching mechanism., 1In the regime of
Vph > c (fast wave), the buaching mechanism
depeads on szi{muthal electron bunching caused by
the relativistic change in electron mass when
electrons interact with the transverse electric
field of the wave (the so-called negative mass
effect). Since sa electron gyrates faster in &
aagnetic field as it loses energy, the electrons
initially tend to bunch in phases wvhere the
electric force ahead is accelerating and that
behind is decelersting. If the Doppler—shifted
wave frequency ie slightly larger than the relati-
vistic electron cyclotroan frequency, the electron
bunches slip behind the wave in phase asad on
average trausfer their energy to the wave. On the
other hand, for the case of Vpp < ¢ (slow wave),
the longitudinal Lorentz force produced by the
cross product of the electron d¢ transverse veloc-
ity and the magnetic field of the wave provides
the necessary buanching. The electroans inftfally
tends to bunch in regions where the force shead 1is
decelerating and the force behind i{s sccelerating.
1f the Doppler—shifted wave frequency is slightly
-nailcr than the relativistic electron cyclotron
frequency, the electron buaches gain on the vave
ia phase asnd on average transfer their energy to
the electromagnetic wave, Therefore, the electron
bunching for the fast-wave and the slow-vave bran-
ches should take place 180° out of phase in the
electron phase space. According to Eq. (2), the
impcsitioa of & longitudinel wiggler field will
shift the phase of electron bunching by roughly
kyVoe

In order to investigste the effects of &
longitudinal viggler on the gain and efficiency of
an electron cyclotron msser, an one snd two halves
dimsensional relativistic electromagnetic particle

code (9] 1s used. The folloving parameters sre
chosen: Y, * 2.5, B - ?;, up =035 » e k V -
0.81 . and LA ;f. In order to attain high
efficiency, the electrons sust remain in resonance
wvith the wave for a& loang time o 2 single mode

rrfrrvq-rv v AT
“.AL \ 8.8 Ol .. .

!

» $' ‘-‘ W
e .8,

W




to) (0)
1 -
3
5 -
4 ‘e '
: 5| . i
J Y }02
- . &
[
-

P
| ]
-

—

; 0 1 1
% i vF 2.50 r .
i i (b
|
[ ' .
L 2.2% 4
(3] ~
T
[ 2.00F J
. 1 |
: osh N - 0 50 100 150
‘l [] -" 14 — u“

n 3. Th i £
! Figure 1. The electron phase of electron cyclotrom fure ¢ tise evolution of (a) vave energy,

®asetr modes relstive to the bunching force at w.t=
100, (s) bunching force, (b) fast wave brauch (Vpy
=1.037¢), (c) slow wave branch (Vpy=0.93¢).

(b) electron beam energy, with and without pro-
filing the solenoidal magnetic field.

8.9 T T
(o) _
S
3 s !
>
? 8.7
.l
{

—-—ly-1

4 3
[T .
i : E
! o 108k
! }
' 1.00 o A
i 0 $0 100 150
—=w! Pigure &. The time history of electroa phase
Figure 2. The time evolution of phase ehift due space st (a) uct = 100, (b) w.t = 145 and with '
) to (a) decresse in ¥y, (b) decresse 1n Y of & constsat By, (c) w .t = 145 and vith varying B,. |

lovbitrou mode.

AL T
VRV A



¥y )

operation is essential. This can be sccoaplished

by using either a Bragg's rescaator for an oscil-
lator configuration or injecting a signal with
intensity well sbove the noise level in an amplif-
ier configuration. Ounly the results of single k
mode simulstion will be given. The phase velocity
of the generated wave and the wiggler strength are
varied to determine the parameters for achieving

high efficiency. The electron phase space struct-

ure ((Y = 1) versus ¢ = w.t - k,z, - ten™! ;f) at

the time when substantial electron bunching has
occured, as well as the bunching force, sre dis-
played in Fig. 1. The results of B, = 0 are shown
in Pig. 1b for fast wave (vph = 1,037¢) and Pig.

lc for slow wave (Vpp, = 0.93c). It is very clear

. that the phase of electron bunching for these two

(™ u %

branches differs by 180 degrees.

It has been shown in {10] that with By, = B,
and Vpy = 1.004C, the lowbitron wmode becomes
dominated over the electron cyclotron mode and the
electron beam is able to convert 25X of its
kinetic energy into radistion.

Efficiency Enhancement

As has bdeen explained in the previous section,
in order for the electron bunch to start in the
decelerating phase, the initial kinetic phase
shift between the electrous and electromsgnetic
wave cannot be zero. it the same time, in order
to avoid the exact cancellstion of szimuthal and
longitudinal inertial bunching, the rate of phase
change attributed to the decresse of Vy (8¢ =
(k + k,)Vy(t)) snd Y(4¢3 = 2./7(t)) cannot be
exactly the ssme. These two phase shifts eventus-
1ly will render the electron bunches to be in the
accelersting phase and cause the energy conversion
process to stop. To prolong the coaversion pro-
cess, 4¢; can bs changed to decresse the dynamic
phase shift by properly profiling the solenoidal
sagnetic field. Pigure 2 showns the time evolu-
tion of dycsaic phase shift. The results reveal
that the facrease in A¢; is faster then the
decrease in 44;. To slow the change fin A¢; downm,
the solenoidal megnetic field By(t) for the case
of B, = B,(0) 1s linesrly increased from B,(0) to
1.23 3y(0) during the time spen of w.t = 112 to

w.t @ 126.4. The time evolution of averaged

electron energy (Fig. 3a) and wave energy (Fig.
3b) for both cases with constaant B, and varying
Bo(t) sre displayed ta Fig. 3, wvhich demonstrates

L L o
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that the efficiency can be enhanced from 242 to
42%. PYor comparisfon, the time history of elec-
tron phase space 1s shown in PFig. 4. At the time
of saturation (w.t = 145) for the case of varying
solenoidal field, the electrons are mostly in
their decelerating phase (Pig. 4c), whereas the
electrons are mostly in their accelerating phase
(Fig. 4b) without varying B,.

Summary
In conclusion, by choosing the parameters such
that Vpp, > ¢ and B, = B, & lowbitron is capable of
attaining high efficiency of the order of 252.
Purthermore, the efficiency can be incressed to

42X by properly profiling the solenoidal magnetic
field.
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Enhancement of Efficiency and Gain in Cyclotron Autoresonance Masers

T.H. Khoand A. T. Lin

Physics Deparimene. University of California at Los 4ngeles. Los Angeles. California 90024
(Received 20 April 1987)

A new scheme of enhancing the efficiency and gain of a Doppler-shifted electron-cyclotron autoreso-
nance maser, with use of a transverse magnetic wiggler 10 inhibit stimulated absorption, is proposed.
Computer simulations with use of a | } -dimensional. electromagnetic. relativistic particle code show

E
.‘
.

- an clectron relative to the wave may be expressed as  and, hence, terminate the accleration process, while clec-
-:.' olt) =(8, +5,), where 6, =(w — w, ) is the kinetic shift trons that lose energy to the wave will remain in reso-
;;’: and &y = ~ [kac + 0o3(1/p) ]t is the dynamic shift due  nance with it. Computer simulations demonstrate that
X
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significant improvement in the efficiency, and gain may be attained with this scheme.

PACS numbers: 42.52.4x

Advances in high-power, relativistic electron beam
technology over the past decade have made the electron-
cyclotron maser'? an increasingly attractive source of
tunable, coherent radiation in the millimeter and submil-
limeter wavelength ranges. The radiation is generated
by relativistic electrons, which, as a result of the depen-
dence of electron-cyclotron frequency on the relativistic
mass, tend to bunch together as they gyrate around a
solenoidal magnetic field, B> The resonant condition
for electron-wave interaction is given approximately by

o, =kv,+ 0oy, (1

where »; is the drift velocity of the beam along By,
y=(=v2/c?)? qg/y is the relativistic electron-cyclo-
ron frequency, and v, ™=w,/k is the phase velocity of the
resonant wave. An output frequency much higher than
the electron-cyclotron frequency may be obtained by use
of highly relativistic beam drift velocity.*

A property of electron interaction with the wave is
that its velocity, vy, is a function of its energy and initial
conditions only, regardless of the electromagnetic (EM)
wave amplitude:

Bi=[1~-Q ‘ﬂphﬂno)ro/ﬂ/ﬂph: - {2)

where B, =uv/c, Bon=w/ke, yo=17y(tp). and Buo>=B(to).
This follows from the equations for the electron energy
and momentum, d&/di=—ev-E and dpi/di=—elv
*E)vpn. Equation (2) shows that an electron can lose
all its kinetic energy, both transverse and longitudinal, to
the wave if its initial drift velocity satisfies B
={(y0—1)/yoBpm. In general, electrons confined to ellip-
soidal  trajectories in S,—pf phase space
[Bo=(1—y~2=p1)'1),

B+ 82 =1 =11 = BonBu)/ vo(1 = BenBio) )2, 3)

suffer maximum energy loss when they have given up all
their transverse momentum. For efficient energy conver-
sion, an electron has to be able to mainiain the resonance
condition for a sufficiently long time. The phase shift of

to electron-wave interaction. With use of Egs. (1) and
(2), 84 may be expressed as

84 =lw, (Ay/ )11 ~ (w/w,B2))1. €))

The dynamical shift vanishes if ﬂgh-w/w,. the change in
electron-cyclotron frequency being exactly cancelled by
the change in Dopper shift due to electron recoil. There-
fore, if w=w, is initially satisfied, an electron wili
remain in phase with the EM wave for all times if
Bpn=1. This autoresonant regime holds out the prospect
of high efficiency.*®

However, depending on the initial phase of electrons
relative to the wave, the autoresonant condition can also
lead to acceleration of electrons. Equations (2) and (4)
show that an electron can be accelerated indefinitely.
The pitch factor of the beam is given by B./B,
={2/(y~1)1"2 (for Bpw=1), so that at large y, the
beam momentum is predominantly along By. This ac-
celeration mechanism has attracted attention to its po-
tential application as a high-energy particlc accelerator.’

The electron-energy loss and gain are the classical
cotrespondents of stimulated emission and absorption.
To encourage positive gain in the cyclotron autoreso-
nance maser (CARM), a small initial mismatch in fre-
quency, @ > ,, with 83 > w/w, is desirable in order 1o
favor stimulated emission over absorption.? An exam-
ination of the equations for phase shifts above shows that
electrons that give up energy to the wave will suffer
smaller phase shifts than those that are accelerated by it,
with these conditions. Nevertheless, as the wave grows
in a conventional CARM, a sizable fraction of the elec-
trons will be accelerated by it and, since wave energy is
expended in accelerating these electrons, they depress
both the efficiency and gain of the CARM.

In this paper we propose a method of curtailing the
autoresonant acceleration of electrons. We show that by
imposing a transverse, helical “wiggler” magnetic tield
onto a conventional CARM, electrons accelerated by the
wave can be made to go off resonance with the wave,
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both efliciency and growth rate can be significantly
enhanced as a result.

The detuning mechznism arises from the behavior of
elecirons moving in tte combined wiggler and uniform
axial magnetic field modeled by

B=By2+B.[kcos(k,z)+ysin(k,z)],

where B, is the wigpler fieid strength and &, its pitch.
This wiggler field is an idealization of that produced by a
bifilar current windiig and currently in use in free-
electron laser  experiments.®  Equilibrium  electron
motion in this magnetostatic field is approximately de-
scribed by

vy =r, cos{h,z)+ov, cos(Q.r+¢),
v, =v.sin(k,2)+ o sin(q.r+¢), (5)
v.=ry—pcos(h,z—~0,1+9¢),

assumed is that the electron motion can be approaimate-
Iy described by Eq. (5) even in the presence of the EM
field (see a discussion of Fig. 3 below).

The variation of p with ¢y {and y) depicted in Fig. |
can be exploited to provide a discriminate detuning
mechanism in the CARM. Consider a CARM with a
helical magnetic ficld such that initially Q> A.v, and
the electron beam is described by, for example, point A4
on curve X. Then electrons accelerated by the wave will
move to the right of A, gaining a larger oscillating com-
ponent in its axial velocity. If the slope at A4 is
sufficiently steep, the increasing axial oscillations will
quickly desynchronize these electrons with the wave. On
the other hand, electrons losing energy to the wave will
move to the left of A, reducing their axial osciliations
and, hence, becoming more in resonance with the wave.
In short, accelerated electrons become more **noisy”™ and
quickly move out of resonance with the wave, while the

:' where ¢, -_N(B.»/Bo)/(l —kor/Q.), p=rery/ei. O, ?f:?;::,g?:ccss occurs for those c_lectrons that are driv:
) = fo/y. ¢ is an initial phase, and ”/r"f(l has becn as- To illustratc the mechanism behind this enhancement
K :"";ed‘; lTh: .eleFtrqn beat:n 's_mjle cted \.‘“h 2.2"":7"3"5;_ scheme and its potential, we present below results from
‘; ;‘r :s l:)‘::dt:c; ;hl::’d:ti:n‘:llgrgn ;cr!cr?flogr;:ralio; eab?\:toi computer simulalior_ls of a CARM with he.lif:al' magngu’c
4 with a frequency 0=k, s and an oscillation in the axial field using a .I {-‘-dnmensronal. EM: relativistic particle
b velocity v, about its me;n value v, at the beat frequency COde. wit h periodic bound_ary Fondltl.ons.9 Tl)e electrgns
;l N=keti= Q. are initially monoenergetic wul} u!'uform axial velocity,
P From Egs. (2), (3), and (5), we can deduce approxi- :,;r::d lh;;::: a]': ‘;nlff:‘n_h; (t';l.ls/t:nbut:d”ole; ‘<h; "?rn:;
K} mately the variation of u with ry. This is shown qualita- heli lpﬁ id. B gle, o2 hed * de)‘b — i ) I
4 tively in Fig. 1. A singularity occurs at gyroresonance, elica’ field, 5., is switched on adia atically to et eec
k.t =0, in the neighborhood of which Eas. ¢5) o trons find their equnhbm.am orpns. The EM wave is then
Y FoTe g . q . allowed to grow from noise, with B, kept constant. Onlyv
) longer give an accurate description of electron motion. one k mode cf the EM wave is kept in a given simula-
) On cither side of the singularity, y varies monotonically tion. Results are presented below for the following pa-
, with ry: branch X corresponds to the case f1. > k.1 and ram.elers and initial conditions: g
v, branch Y to 0, <k.vy. Figure 1 is also qualitatively ’ '
representative of the variation of u with y, with the y0=3, B./Bg=0.091, No/yok.rs=2.69,
transformations y— | as fi— 0 and y— o as 8, — 1. -1
:’ Assumed in this qualitative description of y is that the 0o/yow,=2.33, Bio=70
. wiggler is sufficiently weak so that the mean B; is still where w, = (4xn,e2/m)"2. The values correspond to a
N Fssentially given by Eq. (2). This condition is necessary CARM operating along curve X in Fig. 1. Comparisons
’ if we are 10 use the cyclotron autoresonance effect. Also  gre made with simulations with identical initial condi-
° tions but with B. =0. As B,/B¢< 1, and the initial con-
S 10 ditions are removed from gyroresonance, B. initiallyv
K. l presents only a small perturbation to conventional
. | CARM celectron motion.
N : Figure 2 compares efficiency and growth rate with and
.. . without B, as a function of B, the phase velocity of the
P L - excited EM wave. The efficiency is defined as n="_(y,
' { —¥)/(yo—1), where ¥ is the value of y averaged over
A Yoo all efectrons at saturation. Substantial improvement in
) gain and growth rate is evident over a range of B
. . slightly greater than 1. The peak efficiency is increased
! C. ) by about a factor of 3 with the inclusion of B.. from 11%
e g, ' to 32%. The effectiveness of B. in suppressing au-
3 FIG. 1. Variation of amplitude of axial oscillation u/c with  tofesonant acceleration can be seen from Fig. 3. which
; mean velocity. B, shows phase plots of kinetic energy & =(y=1) vs 8 for
1 p)
; 1182
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FIG. 2. Comparison of (a) efficiency and (b} growth rate,
with (filled circles) and without (open circles) B.. as a func-
tion of the phase velocity fpa ™ w/k¢.

the case By = 1.002 with and without B,, {the second set
of data points from the left-hand side in Fig. 2(a)] at
saturation. Without B, electrons are distributed along
the + = ibola defined by Eq. (2). Initially, all electrons
liec  point (&, =2, B=PBy) on this curve. As the EM
wave _-ows, electrons driving the wave move down the
curve, while those accelerated by the wave move up the
curve. The lower boundary of this curve is defined by
the value of fy at which an electron loses all transverse
momentum. For this example, this occurs at f;==0.78,
& =0.6, from Eq. (3). At the upper end of this curve,
electrons are accelerated up to &, =4.5. Acceleration
eventually stops when phase slippage between electron
and wave exceeds * x. For the case with B, electrons
are initially described by a line joining the points (&; =2,
p1=0.82) and (&, =2, £, =0.92). This is because the
monoenergetic electrons are oscillating about their mean
axial velocity such that A8, =2u. As electrons lose ener-
gy 10 the wave, u becomes smaller, as discussed above,
and eventually vanishes when v, =0, hence the V shape
of the phase space enclosing the clectrons. The width of
this V-shaped region as a function of y agrees closely
with theoretical prediction based on Egs. (2), (3), and
(5), showing that these equations do describe the elec-
tron motion adequately in this example. Maximum en-
ergy loss for an electron again corresponds approximate-
ly to £, =0.6 and §,=0.78. However, electron accelera-

[
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FIG. 3. Phase plots of (y—1) vs B« at saturation for
Bon = 1.002 (a) with B. and (b) without B..

tion has been drastically curtailed. Maximum eléctron
energies are only about &; =3.0, less than half that
gained without B,,.

It is possible to obtain efficiencies higher than the | 1%
here for conventional CARM's (uniform solenoidal fic!d
with no wiggler) by use of other operating parameters.
Efficiencies in excess of 20% have been shown 10 be pes-
sible in semianalytic calculations with initial conditions
that yield a single-particle efficiency of 100%.% The
single-particle efficiency (the maximum efficiency an
electron can achieve) may be obtained from Eq. (3) by
putting B, =0 (the figure for the above example is 70%).
And in 3D wave-guide simulations, efficiencies of about
30% have been obtained.® Our intention in this Letter is
only to point out that the use of a wiggler can
significantly enhance the CARM. The maximum
enhancement possible for an optimally designed conven-
tional CARM will be explored in later studies. Aiso to
be determined are the scalings of 8. and k. with the
operating parameters of a CARM (B, 7o, Puo) for op-
timum enhancement. Their values here were chosen by
a process of trial and error. A judicious choice of B,
and k,, is necessary because if, for example, 8, is too
large, the resulting large axial oscillations in the elec-
trons' motion will prevent the resonance condition (Eq.
(1)) from being satisfied by any electron, and, hence, no
gain will result, while if B, is too small, the enhance-
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ment will be unatiractive. As a rough measure of the
sensitivity 1o B, in this eaample, decreasing 5. by 50%
reduces the efficiency of the A mode corresponding to the
peak efficiency of 32% 1o 19%, while increasing B, by
25% and 50% reduces the efficiency to 25% and less than
1%. respectively.

We note that this scheme is different from previous
proposals for enhancement which are based on tapering
the solenoidal field. One merit of it is that it does not re-
quire the development of any new technology. The heli-
cal magnetic field modeled is already in use as the
wiggler in many free-electron-laser (FEL) experiments.
But unlike FEL's, CARM’s require the electron beam to
have an initial transverse momentum, which may be
effected by passing the beam through a wiggler or along
a nonuniform solenoidal field. One problem has been
that the high uniformity in transverse momentum and
low noise level desirable for optimum operation have

means as autoresonant acceleration. By choosing the ini-
tial conditions so that A, rye> Ro/ye (curve )'), electrons
losing energy to the wave can be made to go off reso-
nance with the wave rapidly, hence terminating the de-
celeration.

This work was supported by the U.S. Air Force Officc
of Scientific Research under Contract No. F49620-§5-
K-0021, the National Science Foundation under Con-
tract No. ECS-86-03644, and the U.S. Office of Naval
Research.
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i¥ proved difficult to achieve. However, the enhancement
in gain and efficiency that may be possible by use of a
n} wiggler may help to alleviatz the problem of achieving
1 high beam quality and increase the attractiveness of the
gy CARM over the FEL which typically has an efficiency of
only a few percent (with a uniform wiggler).

¥ This scheme may also have potential application in a
N cyclotron autoresonance particle accelerator.” It may be
oy seen from Fig. 1 that selective suppression of au-
* toresonant deceleration can be achieved by the same
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ABSTRACT

Theoretical analysis and computer simulations have been carried out
to examine the stability and tunability of a CARM (cyclotron auto resonance
maser) amplifier. It is shown that frequency tunability over one octave
can be achieved by magnetic field tuning within the stabililty range.
Tunability can be further enhanced if the waveguide wall is made lossy
to increasz the threshold of the absolute instability. However, beam
momentum spread is found to have a strong deteriorating effect on the

tunability and gain.
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I. Introduction

During the last two decades, there is intense interest in developing
fast~wave devices based on the mechanism of electron cyclotron resonance
maser. The resonant condition between an electron and an electromagnetic wave
propagating in uniform magnetic field is w = Q. + k,V, where w is the wave
frequency k,v, is the Doppler shift, and Q. is the relativistic electron
cyclotron frequency. Gyrotron [1] operates in the regime where fl. >> kpvz.
The efficiency of a relativistic gyrotron is lower than a weakly relativistic
gyrotron because in the former case a small percentage change in the
electron energy will result in a large detuning of the resonant condition.

In the case of a gyro-TWT (gyrotron travelling wave tube amplifier), the
operating frequency is only slightly above the cutoff frequency of the
wavegulde and hence is very close to the oscillation frequency of the absolute
instability. This makes it difficult to find a scheme to suppress the
absolute instability without affecting the amplified wave.

Most of these problems can be alleviated by going into the regime where
kpvz dominates over ¢ [3,4,]. Substituting Vph ( 2 w/kz) for kz, the
resonance condition becomes w = Q./(i- Vz/Vph)- Thus w can be substantially .
higher than §l; if v, is close to vph. It has also been shown
that under the conditinn vph < c2/vz, the increase in {ic can be compensated

by the decrease in k;y; such that the resonance condition is maintained over a

long interation time. This is the auto resonance conditon exploited by the
CARM. In a CARM amplifier, the operating frequency is well above the cutoff
frequency. When oscillation does take place near the cutoff frequency due to
an absolute instability, it is relatively easy to selectively supress the
absoulute instability. In addition, the oscillation can be suppressed either

by injecting a signal with intensity well above the noise level [5] or by
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resistively coating the waveguide wall.

In addition to the advantages of high efficiency and high freqﬁency
(relative to $:), the frequency of a CARM amplifier is tunable by means of
varying either the electron beam energy or magnetic field. In this paper the
latter scheme is investigated through theoretical analysis and computer
simulations. Instead of covering a broad data base, we will illustrate the
general propettie; through a particular example givén in Table 1. The results
show a frequency tunability of more than 100Z over a magnetic field range of
40 (within this range the amplifier remains absolutely stable). The
effects of beam momentum spread and waveguide wall resistivity are also

addressed. The linear theory is presented in Section II, which is found to be

in good agreement with computer simulations given in Section III.
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II. Linear Theory

Brigg's criteria for absolute and convective instabilities [6] and
previous linear theories of the gyro-TWT [2,7,8] have been applied to the case

under study.

Fig. la shows the intersection of the waveguide mode and beam—wave
resonance line at a grazing angle. This is typical of the gyro-TWT operation.
For the CARM, it is preferable to operate at a higher magnetic field so that
the upper intersecting point has a phase velocity near the speed of light.
This will result in auto resonance and therefore the extraction of beam
streaming energy. When the magnetic field is raised, however, the lower
intersecting point will move to the left and eventually an absolute
instability (oscillation) sets in as a result of backward wave excitation.
Thus, for the stable operation of the CARM, there exists an upper limit on

the magnetic field, which we label as Bygc.

When the magnetic field is above the grazing magnetic field Bg (for which
the grazing intersection in Fig. la is realized), the approximate analytical
criteria for the prediction of absolute instability derived in Ref. 2 is no
longer valid. Here, we resort to the original criteria in Ref. 6 for the
determination of the threshold of the absolute instability by numerically
tracing the behavior of the roots of the dispersion i1elation [7] in the w-k,
space. Fig. 1b plots B,yg./Bg as a function of a wall loss parameter 8§, defined
as the ratio of the wall skin depth to the wall radius. It is seen that there
is a 40-60% range of stable magnetic field, depending on the wall loss. We
note that 6 = 0,01 represents an extremely lossy wall, which can be realized
only for waveguide of very small radius. A magnetic field tuning range of
40%, however, can lead to a frequency tuning range over 100%, as is shown in

Figa 2,

-
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Also shown in Fig. 2 is the linear gain in one cutoff wavelength (2wc/uw.)
of the waveguide for four values of axial momentum spread 4pz/p,(, where Ap,
is the standard deviation of p, from the average value p,p, assuming a
Gaussian type distribution. The gain is more sensitive to the momentum spread
at higher magnetic field (hence higher frequency). This is because velocity
spread results 1q broader spread in Doppler shifts at larger propagation
constant k;, Because of its sensitivity to the velocity spread, the CARM
amplifier requires a very good quality beam in order to operate in a highly
Doppler shifted regime.

If wall loss is enhanced to achieve higher tunability (Fig. 1b), a
fraction of the extracted Peam energy will be dissipated on the wall. Fig. 3
shows that, in the preferred regime of CARM operation (high end of the stable
magnetic field range), the Ohmic power loss is small as compared with the

output wave power.
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I1I. Computer Simulation Results

Particle sirulation is a very powerful tool to model various free electron
devices [9]. 1In our simulation code the transverse profile of the electro-
magnetic fields is fixed (TEp) mode) whereas the longitudinal profile and
temporal evoluiion are self-consistently determined by integrating the
Maxwell's equations using the perturbed beam current as the source.
Longitudinal dependence of the fields is decomposed into Fourier components
to provide resolution of the simultaneous presence of different modes. This
is an essential feature for analyzing the absolute instability in a CARM
amplifier. Electrons are injected at the entrance end with prescribed
parameters and diagnosed at the output end. Their trajectories in the
interaction region are followed through the relativistic equation of motion
and the Lorentz's forces consist of the self-consistent as well as externally
applied fields. Typically, thousands of electrons are used so that beam
momentum spread is well represepted. The fact that electrons experience
inhomogeneosus electromagnetic fields 1is included in the code by allowing
electron motion in three spatial dimensions. The wall resistivity is modelled
by imposing a damping term in the Maxwell's equation with a damping rate g/u.
= §/ry where § and ry are respectively the skin depth and waveguide radius.
Using the parameters in Table I, a series of simulations have been carried out
to study the stability and tunability of a CARM amplifier.

Fig. 4a shows the steady state (w.t = 200) spatial profile of the wave
field for a run with Apz/pzo = 0 and B = 1.15Bg. The drive power is 3.75 MW
at a frequency of 2.863 w,, Immediately after lanunching, the wave shows no
appreciable growth because of the launching loss. There is then a region of
exponential growth giving a linear growth rate of approximately 3dB per cutoff

wavelength, in very good agreement with the analytical prediction. Saturation
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is reached at the output end where the efficiency is approximately 20%Z. Fig. 4b

P
shows the electron kinetic energy versus its phase (¢ = wot - kpz-tan—1-X )
y

relative to the signal wave. The saturation is caused by phase trapping of
the electrons as can be clearly seen in the phase space plot that at the exit
plane where an electron bunch is formed in the decelerating phase and it 1is
rotating in phase space. Two other simulations with B=Bg and 1.3 Bg (which
are still in the stable regime according to the theoretical prediction) have
been performed. The efficiencies are, respectively, 16X and 23%. The linear
gains for all three cases are plotted in Fig. 3 as solid dots. To investigate
the effects of beam momentum spread on the linear gain, the three cases are
rerun with 8pz/pz0 increased to 0.01. The results are also shown in Fig. 1.
The spread substantially reduces the linear gain, especially in the high
magnetic field regime of interest to CARM. The devices become unattractrive

due to low gain and low efficiency if beam momentum spread is greater than 3%.

In the case of B=Bg (gyro-TWT regime), the phase velocity of the
signal wave is too far above the speed of light to satisfy the auto resonance
condition. Hence, only the transverse beam energy is converted into
radiation, as can be seen in Fig. 5a where the time evolution of beam trans-
verse and longitudinal energies at the output end is shown. As the magnetic
field is raised to 1.3 Bg the phase velocity of the signal wave becomes close
enough to the speed of light to satisfy the auto resonance condition. This
results in the conversion of both beam transverse and longitudinal energies
into radiation which is clearly exhibited in Fig. 5b. The saturated
efficiency therefore increases from 16% in the gyro-TWT regime to 23% in the
CARM regime. According to the theory in Sec. II (Fig. 16), further increasing

the magnetic field to B> 1.4Bg will bring in the absolute instability. A run

with B = 1.5 Bg has been carried out to confirm this prediction. The wave
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spatial profiles at two instants are shown in Fig. 6a (w.t=100) and Fig. 6b
(w.t=200). As the absolute instability grows into long wavelength
oscillation, it modulates the amplified wave and results in a reduction in
output power at the desired frequency. One method of suppressing oscillations
is by resistive coating of the waveguide wall. This scheme allows the device
to operate at a higher magnetic field and thereby enhances the efficiency and
increases the tunable range. In order to investigate these effects, a run
with B = 1.5 Bg and § = 0.08 ry is performed and the spatial distribution of
the wave field at w.t = 200 is displayed in Fig. 6c. The wall loss
substantially but not completely suppressed the long wavelength oscillation
with negligible effect on the amplified wave. The output power in Fig. bc is
mainly at the input frequency. However, the required resistivity for absolute
instability stabilization-ls almost one order of magnitude higher in
simulation runs than predicted by theory.

In summary, theoretical analysis and computer simulations have been
carried out to investigate the stability and tunability of a CARM amplifier.
The results show that more than 100% tunability can be achieved by magnetic
field tuning within the stability region. Beam quality is of critical

importance to the performance of the CARM amplifier.
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Figure Captions:

Fig. 1

Fig. 2

Figo 3

Fig. 4

Fig. 5

Fig. 6
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(a) Grazing intersection of the waveguide mode and the beam-wave
resonance line. (b) Bygc/Bg versus the wall loss parameter §.

Parameters in Table I were used for Fig. lb and subsequent figures.

Center frequency (dashed line) and linear gain per cutoff wavelength
(solid 1ines) versus the operating magnetic field. &8 = 0 is used.
Gains for § = 0.005 and 0.0l are only slightly different (less than
5% lower). Simulated linear gain (dots) is in good agreement with

theory.

Power lost on the wall as a function of the operating magnetic field.

The corrersponding operating frequency is shown in Fig. 2.

Simulation results for B = 1.15 Bg (a) spatial profile of the

wave field at W.t = 200. (b) electron kinetic energy versus its

phase relative to the input wave.

Simulated evolution of electron beam axial and transverse energies

at the output enld for a) B = Bg, (b) B = 1.3 Bg.

Simulated spatial profiles of the wave field for B = 1.5 Bg.

(a) wet = 100. (8§ = 0) (b) wet = 200, (8 = 0) (c) wet = 200.
(8§ = 0.08 ry)
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Table I. An Illustrative Example of the CARM Amplifier

Waveguide mode - TEg}
Electron energy 767 keV (y, = 2,5)

Beam current 2.5 kA

BL( = vi/c) 0.4

a( =vyi/vz)

Electron guiding center radius
normalized to wall raduis (T /Ty)
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Introduction:
This report describes the work done by Varian Associates on the study
of the Cyclotron Auto Resonance Maser (CARM) for the c;antract with U.C.L.A.
during the fiscal year 1986. The approach taken was to study the CARM
oscillator from the point of view of designing a specific experiment,
schematically illustrated in Figure 1. The design parameters chosen would
allow the use of an existing 500 kV, 200 amp Magnetron Injection Gun
design (with some modification) and a 28 GHz gyrotron magnet. This could
allow a cost effective experiment to be performed which would be sufficient
to demonstrate the CARM as a viable device and verify the basic physics.
The rest of this report is organized as follows: Section I describes
how the basic design parameters where chosen. In Section 1I, prediction of
saturated output power and efficiencies are presented indicating regions of
hard and soft excitation. Section III gives preliminary designs for the
magnetron Injection Gun and Bragg Reflector. Finally, Section IV discusses

the future work required to improve and fully verify the final design.
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Section I. Design Considerations :

t
The beam voltage and current were chosen to be 500 kV and 200 amps ;

respectively in order to make use of an existing gyroklystron gun design. !
The cutoff frequency of the resonator section was kept at 10 GHz in order

to keep the final beam guiding center the same as in the gyroklystron. This 4
"

chaeX

also required staying with the TEgp; mode. The cyclotron frequency and

operating frequency were determined from the conditions for cyclotron

rexd

resonance and ideal cavity resonance according to the following formula:

T -

w = 1
Qc r—- Vz/vph B
:
W = 1 h
We v1.- cZ/vphZT

where Vph and v, are the phase velocity and axial beam velocity. Previous

work done at U.C.L.A. served as a guide in choosing a phase velocity of
2.69% above the speed of light in order to allow & reasonable compromise
between gain and efficiency. This implied an operatirg frequency of 44 GHz.
The transverse velocity\c was chosen slightly greater than 1/t (enhanced
gain) resulting in a ratio of perpendiclar to parallel velocity (&) of .8.
This resulted in a ratio of cyclotron frequency to operating frequency of N
*1/3 translating into a required axial magnetic field of 10300 gauss. The '
d cavity interaction length was determined by calculating oscillation
threshold currents. The calculation was done assuming the fields were of
an ideal cavity resonator whose length was N half wavelength long. This
was considered for now to be a reasonable approximation to the true open »

resonator which would be formed from Bragg reflectors. The cavity Q was

®

3 h
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assumed to be 500. The results shown in Figure 2 indicated that lengths
greater than 50 half wavelengths would be required in order to allow start
oscillation currents of less than 200 amps. An optimal design with a
length of 80 half wavelengths and a Q of 650 was finally chosen although
much of the following analysis was done with a cavity length of 70 half
wavelengths and a Q of 600, A summary of the basic design parameters is

shown in Table I.

Section II. Predictions of Saturated Output Power and Efficiency

The efficiency analysis was performed using a simplified semi-
analytical model which assumed that the saturated steady state longitudinal
mode structure was determined by geometry only and not greatly perturbed by
the presence of the beam. A single equation for the self-consistent peak
field amplitude was then determined by involving energy balance: i.e., the
kinetic energy lost by electrons transversing the cavity is equal to the
microwave power emitted from the cavity. The trajectories of a set of test
electrons initially distributed randomly with respect to their phase angle
in velocity space were integrated numerically across the cavity in the
presence of the electromagnetic field to determine the average fraction of
kinetic energy lost to the field for a given peak electric field
amplitude. A nonlinear efficiency function was constructed which gave the
fraction of beam energy converted to microwaves as a function of peak
electric fieldlEJ, magnetic field B, beam voltage V,, ratio of perpendiclar
to parallel velocityéd) and both cavity and beam geometric factors. The

microwave power generated by the beam Pg_ .. given by the following

expression:

By = n(|E [%,B,V ,a, 01V,

-----
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N TABLEI *
. PARAMETERS FOR CARM OSCILLATOR DESIGN
'
X
)
R
[}
5 Beam Power 100 Mw
t Beam Voltage 511 kV
B, Beam & -8
5
5 Microwave Power 30 MW
% . Cavity Mode TEo1
)
\ .
K Operating Frequency 44 GHz
\
e Cavity Cutoff Frequency 10 GHz
. Cavity Interaction Length 40 wavelengths
! .
g Cavity Q 650
8
Circuit Magnetic Field 10300 gauss
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The power radiating from the cavity as a result of the external diffraction

Q was given by:

@02 (stored energy) 2
_PR - % = kloss |E |

where kloss is given by:
2 2,2 2
Ja(kgn)(1 = m /“m)‘o“’a] 70\1:

- 2
CoN [ECz)| dz

kloss =
Zin

Since in steady state P = Pp, the following non-linear equation for ‘Eo‘
was obtained: n(|5 |2,B,V ,a,E)V I = kloss IE lz

o o o’o )
In practice, the current I, was determined as a function of |E°|2.

Figure 3 shows efficiency versus distance for an optimal electric and
magnetic field setting indicating that over 35% efficiency could be
achieved. The higher electric field was optimal for a shorter length
resonator. Anticipating that non-ideal beams with velocity spread would
interact more efficiently in shorter resonators, a detailed efficiency
analysis was performed for a cavity 35 wavelengths long. Figure 4 shows
power out versus field amplitude squared assuming 200 amps of currgyt for
two different magnetic fields.

The intersection with the diffraction Q line indicétes the actual

operating points. One observes that the magnetic field showing higher

efficiency (dotted curve) has two solutions. The lower power solution is not

physical in that the system is unstable at ths point. The stable high power
solution would appear inaccessible from noise (ha;d excitation) in that as
E + o0, the cavity losses are greater than the power generated by the beam,
Accessibility is achieved if Q is increased sufficiently to allow the Q

line to have a smaller slope at the origin than the power curve. For this
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increased Q value, there is a single operating point intersection but at a
reduced power level. In practice, the finite rise time characteristic of
the beam could allow accessibility to the higher power states without
changing the Q factor. This requires further investigation.. Figﬁre 5
shows efficiency versus current for different magnetic fields: The dashed
lines are the non-physical solutions. An efficiency of 347 is indicated at
200 amps resulting in a predicted output power of 34 MW, The optimum
output power of 40 MW is illustrated in Figure 6, where a 3.07 magnetic
taper was applied and the interaction length was increased to 40
wavelengths.

Section III, Preliminary Designs for the Magnetron Injectin Gun and Bragg
Reflector

A preliminary design for the required MIG is shown in Figure 7. The
initial gun was designed for ano{ of 1.5 at a finai magnetic field of 5600
gauss. It is required to operate the gun in a final field of 10300 gauss

with ano{ of .8 and at the same guiding center. This requires that the

cathode radius be changed from 2.28 cm to 3. cm and the cathode magnetic
field be increased to 845 gauss. Further, refinerents of the electrode

structure would be required to ensure beam velocity spreads of42Z. Table II

shows the design parameters of the modified gun.
Finally, the design of the Bragg reflector is required which gives a Q

of 600. In a single mode analysis one solves the following differential

equation frr the complex field profile E and complex ®:
2 o 42
w wé £ (2)

d2E(z) + [
Py

Py JE(z) =0

where:

2 2 2
ch(z) - wc(z) [1- mZWL(z)/kmn] Z effective cutoff frequency

w:(ﬂ) - czk:n/az(z) Z local cutoff frequency
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GUN PARAMETERS FOR CARM
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The diffraction Q of the cavity is then given by:
R = Wr/2we

An approximate expression for the frequency and Q is given by:
wr = \fewd +(amp) (Figd)

Q= aRL/c
(" chz)

where R, and R; are the reflection co-efficient of the Bragg Reflectors.
Reflection is obtained by coherent scattering of a forward wave into a
backward wave which occurs when the ripple wave length is 1/2 the guide
wavelength.,

The mode structure of Bragg resonators (cutoff on the left side) with Q
factors of 566 and 832 are illustrated in Figures 8 and 9. The real and
imaginary parts (dotted line) of the field profile is indicated.
Physically, the imaginary part is the field profile 900 in phase from the
real part.

A more comprehensive technique for evaluating Bragg resonators is in
progress using scattering matrix theory which includes all TE and TM modes
capable of coupling with the rippled wall. The Bragg reflectors are
characterized by scattering matrices [S1] and [S2] which describe the
reflected amplitudes of a set of modes incident on the reflectofz The
eigenfrequency and Q are determined from the following determinant:

Det |1 - (s (s2)]| = o
The requirements on the Bragg reflector necessary to maintain mode purity

can be determined.

Section IV. Future Work
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The previous work must be thought of as a preliminary analysis. Test

particle simulation must be done in the actual resonator fields indicated
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in Figure 8 and 9. Velocity spreads must be given to the initial particle

distributions to evaluate the effect of beam emittance. Threshold current

analysis must be done for competing modes especially the "gyrotron modes"
near cutoff. Finally, a fully self-consistent EM particle simulation

including space charge effects is required to verify a final design.




APPENDIX 5b

.

x ox)

.....r

AR RAR I R w et

[ X3

el

D P e RO
J'\d--‘-‘..r‘.'.r- .

~'~

v s e, . .
__._-r o -"_.,:./- . o R

b--Q.‘ ‘r
VNN T

~

Iy

LT

-‘.\*\‘ o \(\;“\"\._‘» .\ “J‘ "
"
y <, 1,0 .y,

=

oy




AN AN WL I N N R T T T R Y U T T A T T T T T T I T I e T T I TrreTrTre

CARVM OSCILLATOR_STUDY

A studv was undertaken to desisn ané analvze a TARM oscillator which
~ould operate at 150 fHz with power levels in the merawa*t range. The
voltace was chosen to be 400 kv in order to be compatable with possible
cw applircations as well as minimizing power supply requirements. The
mode of operation chosen was the circularly polarized TEll implying a
Pierce/Wigeler configuration for beam formation, Beam qualitv require-
ments (velocityv spread) limited gun pervience to é.zlor beam current
£ 50 amperes. In order to be near autoresonance, the phase velocity
was chosen to he 27 above the speed of lizht. The operation frequency
of 150 GHz was thus ~5 times above cutoff (29 GHz). The voltage
regtriction of 400 kv required that the relativistic cvclotron frequency
ne two timeg the cutoff frequency (i.e., magnetic field ~ 37000 gauss).
An interaction diagram is shown in figure 1.

The upper intersection point is the CARM while the lower intersection
point represents a possible hackward wave oscillation at #3.0GHz (~ 429
arove cutoff). In order to create a standinz wave in a guide far above
cutoff, one uses a Brazg reflector. The resonator selects out the axial
mode whose wavelength is double the Brarsg ripple lensth. The cavity Q
is in general muc¢h lower for all other resonant wavelengths (frequencies)
including the mode near cutoff (£=1). This is illustrated in figures
2a énd 2h. A cavity was chosen with a 5 cm interaction length (25
wavelengths) anéd a Bragg reflector consisting of 20 ripples each having
an amplitude of .01l4 cm. The operating mocde at 150 GHz then had an
affecrive 8 number of 50 and ar external Q of 843. The £=1 mode near
rutoff had a Q of 214. The main problem with “his configuration is

+ha*t there could be mode campeti*tion with the tackward wave oscillation
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which does not require external reflection to exist (very low Q).
Three different computer models were developed to analyze this
oscillator confirzuration. The first model looks at the CARM interaction !
onlv. It assumes that onlv a sinzle mode at a single frequencv exists,
namely the resonant mode created by the Bragg reflector.. It assumes
that the beam does not modify the empty cavity field profile. Electrons '
are integrated borh analvticallv and numericallv through these fields ‘
+o obtain the start oscillation currents and saturated efficiencies E
respventivelv. The second model was developed to look at interaction s

with the backward wave oscillation only. This self-consintant simula-

+ion model is based on the slow time scale orbit equations coupled to {
Maxwell's equations. An efficient searching scheme is used to find the |
unknown initial maznetic field and oscillation frequency which allows

the houndary conditions +o be satisfied. Finally a third model has

heen developed which is a fullv time dependent particle mode which can ?
model self-consistently both the CARM interactiion and hackward wave

in*eraction simultaneouslv. The code 2ouples the exact time depencent

orhit equations (represented byv Xp(t),vp(t) ) with the following reduced !

set of Vaxwell's equations for interaction with TEmn mode&e

i i o
B = - ¢ - 1 2a'(2) m \ ‘
S 3z Tmn a(z) |2 _ 2 | * v
mn o
{
~ i Qen?k D

a'(z) K__E_ . me e .
s 2 Mol Tmi——— :
rea -m” J
t (l m /kmn) i=l,2 ‘
3B, . °

BT (Z)"Tmr i=1,2
]
2 R

) "o W VLY A ) ‘-'\ LR A NN, . AR
.".l...l.,.ﬁ¢l.-l‘nl'~ o W Wy -\hl.\ . 'lc . Ile. ‘.u "!‘N‘ “." ‘r.r'.’(v f,(‘ﬁ.’f f\.‘*" “Q‘ ’ .I.
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i i 5
%< 1mn Brmn i i a' (Z)/ m

+
3t - "%z * Yemn?BLmn ¥ B1mn () K2 - ml
o
a'(z) i
e 22 ¢y g _
a(z) {3, MO Tmi
2
L
.2P wg a, ZE ol (X .9 + v ol (x JF(z-z 3
.Np o, Un3(2) S Lxp xmn*"p*’p ypSymn ¥p Yy -z,
i=1,2
where the coupling coefficient Kmnl is given by:
; K, 2k ko J (k) lJm_1(kmann/ao)|+|Jm+1(kmannlao)|
C ) -
i (kml-kmn)Jm(kmn) |Jm-1(kmlRm£/ao)| +|Jm+1 (kmszzlao)l
#
2

The terms proportional to m® model the effect of the Bragg ripples on the
radial eleciric field which causes most of the reflection in a guide

; far above cutoff. Also included are mode conversion terms due to the

finite size rioples.

\ Figure 3 Bhows start oscillation current versus magnetic field for

the (=50 mod2. The external Q was 376 in this case (12 ripple reflectosr).

| ™he moces = 49 and {= 51 shifter by~ 2 GHz are also shown. ®hs.bandwidth
of the Bracg resonator was relativelv large in that the Q dropped only to )
330 from 376. There is still a range of maznetic field for which only ;

R=20 oscillates. The discrimination between modes could be much higher

for a narrower tandwidth reflector (20 ripples). However, the larzer

hardwidth allows the device %o be tunabls bv varving magnetic <ie

Fizure L shows a plot of efficiencv versus current for two differen+
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magnetic fields. One precdicts efficiencies of 21% which results in
2MW output power for a 25 amp beam.

Figure Sa shows the self-consistent field amplitude profile for a
backward wave oscillation which exists at 43 GHz. This profile is
~omposed of a backward wave with a cosine profile mixed with a non-
interacting constant amplitude forward wave produced when the wave
nounces off the back wall. The efficiency is U44%. Figure 5b shows
hackward wave efficiencv versus length indicating a threshold length
of 4.5 cm. for currents of 25 amperes. The fact that the CARM efficiency
is 21# while the hackward wave efficiency is ~U47% suggests that the
NARM will dominate. The problem could be solved by lowering the beam
vower {and output pcwcr} so that the threshold length for backward
oscillation increases to 6 - 7 cm (i.e. greater than the CARM interaction
length).

The fullv time dependent code 1is being used now to verify the conditions
under which the backward wave is suppressed and to indicate when the

Brazg reflector causes excessive spuriowsmode conversion. These studies

Q

are in progress at this time. In summary, the following is a tentative

Aesioen for a CARM oscillator based on the above analysis: .

VOltaZe teesecocosssesass 400 kv
CUrrent eceseccecssnscoess 25 AMPS
Ve/VZ tesveneencscsnnsass 92
frequency cveseecessssese 150 GHz
POWET cocsesssncscscnsces 2 MW

Cavity Q ooocoo..oooooo|0376

cavitvy length sesesssssses 5.l Cm
CaVi'tV radi’us 0 0 00 00 2800 -20 C”]

axial macnetiz field «esees 37000 2auss

heam fill factor «eseeeses 40%
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Figure 1 Interaction mechanism for CARM
and hackward wave ogscillation
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field sagnitude (iv*,ne-) and effic (e=+,0°-)
versus axial pessition
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¢ HYBRID CYCLOTRON INSTABILITY IN A FREE

: ELECTRON LASER WITH AN AXIAL

) MAGNETIC FIELD

y

! T. H. Kho and A. T. Lin

t

3 Physics Department

b University of California

}: Los Angeles, California 90024

\ Received April 20, 1987
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\ The axidl guide magnetic field in a free electron laser

' (FEL) 18 found to give rise to a "hybrid" FEL- cvclotron

e tnstability. This instability occurs at a modified second

I harmonic FEL frequency where the axial ponderomotive force

3 is resonant with a natural frequency of electron beam axial

‘: motion in the combined wiggler and guide magnetic field

. High efficiency, in excess of 30 percent, and strong grouwth

: rate are observed.

;: 1. Introduction

Y

h In many free electron laser experiments, an axial

[ magnetic field is added to guide the electron beam into the

) interaction region.l  This axial field represents a new
degree of freedom of the system. Previous investigations
on the impact of the axial field on wave-particle inter-

‘ actions have conhcentrated on the tnstability at the free

¢ electron laser resonance, and to a lesser extent, that at

3 the cyclotron maser resonance.2:3,4

N In this paper, we present results from computer simu

) lations of a "hybrid” FEL~cyclotron instability that is

found to occur at a modified second harmonic FEL resonsnce.

) A 1-2/2 dimensional, relativistic, electromagnetic particle
codes is used to simulate the interaction of a tenuous
electron beam with the radiation field in a static magnetic

4 field of the form,

e 753
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: . B = Bz + By(xCoskyz + ySinkyz) (1
. ‘ where B. and By are the guide and wiggler field strengths,

respectively, and \,=2n/ky is the wiggler period. This
viggler field is an approximation of the field near the
axis _,of the bifilar helix configuration used in experi-

b ments,” and 1s accurate for kyr<<i, where r is the radius
of beam excursion about the axis. The equilibrium steady
ctate orbits for this magnetic field configuration is given

o -

X by’s -3 A A A

; P = Poz *+ py(xCoskyz + ySink,z) (2) f
1 wvhere

t

\ Pu=ftyPo/ (Re~kyvg),  QuzeBy/vomec, Q.=eBo/YomaC,

and v, is the initial Lorentz factor of the beam. The
usual FEL resonance arises from the transverse oscillation
which induces radiation at the Doppler shifted wiggler

| frequency m=(k+ku)vo. To understand the hybrid instability,
ve note that for small perturbations about the steady state
in the combined wiggler and axial field, the electron orbit
is stable (in the absence of an electromagnetic field), but
now contains additional modes of oscillation, approximately

z given by,
; Py = PyLoskyz + pCos(Qct+d) - qCos(2kyz - Qct + &)
Py = PySinkyz + p;Sin(Qct+$) - aSin(2Zkyz - Qct + &) 3
* P, = Po = Bup,Cos(kyz = Ot + &) '
/ Bw = Py /Po q=%83p1
‘

where p; and é are constants of motion and p, <<py has been

4 assumed. There is now a Larmour component to the electron
motion and the axial velocity 1s no longer constant, but
. oscillates at the cyclotron and wiggler beat frequency.

. The third term in eq.(3) for the transverse velocity

' arises from the coupling of the axial oscillation with B,

p and gives a modified second harmonic FEL resonance, w =

q (k+2k,)vo- 1. Electromagnetic wvaves with frequencies 1n

; the neighbourhood of this resonance are found to be

' unstable. This 1nstability arises for the following reason.
An EM wvave with frequency, w=(k+Zk)va= Q.. will produce arn

-
axial ponderomotive force [- % vV X gEH]' vhich 1is resonant

with the natural frequency of beam axial oscillation.
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Instability in a Free Eleciroa Laser 758

8,3=1kyvy= Qcl, (eq.3). For small but finite A,, this
resonant ponderomotive force can greatly amplify the axial
oscillation in the electron motion, which, through its
cross product with , drives a transverse current that
reinforces che raciation at w=(k+2ky)vy-fc. This resonant
amplification of electron axial oscillation has been
observed in our simulations.

II. Simulation Results

In order to make the effect of this instability more
transparent, simulations are performed keeping only one
k-mode of the radiation field at a time. This is equiva-
lent to simuiating an amplifier system. A high efficiency
regime appears to exist for EM waves that are simultaneous-
ly resonanrt with both longitudinal and transverse second
harmonic electron oscillations. This occurs when (2kyvy-
Q5)=2(Qo= kyvg) or Qg/kyv,31.5. Results for this case are
shown below for the following parameters:

¥0=3.0 Qy/kyv=0.12 Qc/kyvo=1.44
vo/c=0.91 vy /c=0.25

Figure 1 shows the dispersion diagram for EM waves
propagating along the axial magnetic field in a plasma with
drift velocity v, Note that the right polarized slow
cyclotron wave is resonant with the w=(k+2ky)v,—Q. line at
k=6 and with tte FEL mode w=(k+k, ) v, near k=10 (k=k/ky).
Not shown is the w=(k- Ky )vy+ Q. line which is parallel to,
and just slightly below w=(k+2k,)vy- Q.; it intersects the
cyclotron wave at k=5. The right polarized fast EM wave is
nearly coincident with the Doppler-shifted cyclotron
resonance, w=kvgoHl., for all values of k shown.

Exponential growth in “he EM wave occurs for the whole
range of k in figure 1. Maximum growth rate occurs at
k=6, w=5.82 vhere the cyclotron wave and w=(k+2k W Vo fc
intersect (fig.1), with a value of O. 076 (w=w/
w 4nne2/me , while maximum efficiency occurs atuE =5.
Figure 1b shows the evolution of the radiation field at k=S
and k=10. Figure 2a shows the power spectrum at saturation
for k=S, 8, and 10. The powver spectrum for k=5 shows the
excitation of the right pclarized cyclotron wave by the
hvbrid FEL- cyclotron resonance. For k=8, two instabilities
are present. The lower frequency peak in the power
spectrum corresponds to the right polarized slow cyclotron
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Figure 1. Disperston diagram for R,=1.28, v,=3.0 and 8,=0.91.

Lines shown: w=tk+tky,)vy (1); w=(k+2KkyIvg- Qg (2);
right polarized fast EM (3), and slow cyclotron
EM (unlabelled) waves.

wave excited by the hybrid resonance. The higher trequency
peak is the FEL mode w=(k+k,)v,. For k=10, only one mode 1s
evident. This 1s at the FEL resonance, and the growth
rate, at 0.037w,, is about half that of the hyorid instabi-~
11ty (fig. 2b). Conspicuously absent from these simula-
tions 1s anv sign of an instability at the Doppler-shifted
cvclotron resonance, w=kvo+0c' even though the right
polarized fast EM wave frequency is very close to this
resonance for the values of k here.

In an FEL 1nstability, the electron beam is bunched
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Figure 2a.
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Instability in a Free Electron Laser 59

' axially by the ponderomotive force at a periodicity of k+k,,

(and 1ts harmontics). This occurs here, but 1n addition, 3

well defined change in the pitch of the electron beam 1s

observed in the evolution of the second harmonic

instability at k=5 (and also at k-6). Ftgure 3 displavs

the azimuthal locatton of electrons about the axis,

parameterized by 8;=tan"1(p,;/p,;), over one wiggler

period, at the inittal time (a), at w,t=140 (just before

saturation) for k=5 (b), and at wpt=2 0 for k=10 (c). The

electron beam, which initially is a helix with the same

pitch as the magnetic wiggler, evolves, 1n the case of k=S,

into a helix with a pitch of k+Zky. This new pitch results

from the strqng transverse Lorentz force on the beam.

provided by B,, and the large axial oscillation in velocity

driven by the resonant ponderomotive force. At k=10. away

from the hybrid FEL-cyclotron resonance, the electron beam .
preserves its fnitial helicity throughout the unstable wave i
growth. Electron bunching at k+ky can be seen for both

k=5 and k=10.

Maximum efficiency is obtained at k=5, where 35 percent
of beam kinetic energy is converted into radiation energy.
This efficiency is high, although it is only about half of
what might have been expected from the reduction tn beam
axial velocity at saturation, vg/v,~0.88 (vsfvz(mpt'lso)).
If all the loss in axial kinetic energy goes into
radiation, the efficiency Ean be estimated from n=(y,-

Y (vg~1130.T (vg-1/J(1-B5), Bg=vg/c). The reason for
this discrepancy is that a large fraction of the axial
kinetic energy has been converted into azimuthal energy.
The mean transverse velocity has increased by about a
factor of two at saturation over its inittal value.

As noted above, at k=S, the cyclotron wave is resonant
with the axial oscillation of the beam (eq. 3). This
appears to be relevant to the achivement of high efficiency
here. Figure 4 shows plots of kinetic energy (y-1) versus
axial velocity of electrons at saturation, w,t=150, and
after saturation at t=270, for k=S. The electrons are
initially concentrated at the potint (y-1)=2 and
Bzivy/c=0.91. The resonance line for w=(k-k, )v,+Q/y tis
shown in figure 4a, for k-5, w-=4.89 (the observed radiation E
frequency), where Q=eB,/mec. Electrons on this line have
axial oscillations that are resonant with the EM wave. At
saturation, the bulk of the electrons have been shifted
down into the (y-1) vs. v, phase space encompassing this

line, suggesting some degree of autoresonance.7 For the
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Figure 3. Change 1n pitch of electron beam at:
‘ (a) wt=0; (b) k=5, wpt=140; (c) k=10, Wt =250.
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Figure 4.

Kinetic energy of electrons as a function of axial
velocity: (a) k=5, wpt=150, the continuous line is the w=(k-
kylvy * /vy resonance line (k=S, w=4.89); (b) k=5, wpt=210,
the additional continuous line is the w=kv,+ Q/y resonance
line (k=5, w=4.89); (c) k=10, wpt=250.
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FEL resonance at k=10, the efficiency is only five percent

and the (y-1) vs. v, plot (figure 4c) does not display the
above feature.

After the hybrid instsbility saturated, some electrons
continue to be accelerated by the EM wave to high energies
(figure 4b). There are two distinguisible groups of
electrons; one gsupporting the hybrid wave, the other being
accelerated by it. The accelerated electrons appear to be
confined to a fin shaped region in (y-1) vs. v, space, and
bound at the upper v, limit by the cyclotron autoresonance

line, w=kv,#Q, shown in figure 4b (phase velocity of EM
wave at k=5 is w/kc=0.998).

III. Conclusions

The introduction of an axial magnetic field into a
helical wiggler field introduces the possibility of a
natural lowv frequency mode of axial oscillation for the
electron beam. When driven by a resonant ponderomotive
force associated with an EM wave at the hybrid FEL-
cyclotron resonance, w={(k+2k,)v,~ Q., this axial
oscillation can reach large amplitude so that when
translated into transverse oscillation by §u, it serves to
amplify the radiation. It is shown that some degree of
autoresonance operate when the EM wave is also approximate-
ly resonant with the axial oscillation, enabling high
efficiency, in this example, in excess of 30 percent, to be
achieved. In a one~-dimensional plasma, this (empirical)
condition (Q./kyvy~1.5) restricts the hybrid resonance to
the slow cyclotron wave. However, this restriction is not
necessary in a waveguide configuration, where, for
sufficiently large Qc, the hybrid resonance can occur on a
fast EM wave. The efficiency here compares very favourably
wvith a cyclotron maser operated near autoresonance. For a
Lorentz factor of v,=3, the expected efficiency of a
cyclotron maser is about 20 percent, and for a relatjvistic

gyrotrons. is about 15 percent. However, to obtain optimum
efficiency, the electron beam has to be injected with high
uniformity in azimuthal velocity, which is technically
difficult to achieve. Furthermore, the gain near
autoresonance (w/kxc) in a cyclotron maser is very small.
In contrast, for the hybrid instability, no prior tailoring
of beam transverse velocity is needed, and the gain is
relatively high. These advantages makes the hybrid
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instability a potentially attractive alternative to the
cyclotron maser as a high efficiency microwave source.
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