EMBRY-RIDDLE

Aeronautical University.
SCHOLARLY COMMONS

Publications

1996

High-Frequency Fluctuations of a Modulated, Helical Electron
Beam

Mark Anthony Reynolds
Embry-Riddle Aeronautical University, reynoldb2@erau.edu

Follow this and additional works at: https://commons.erau.edu/publication

b Part of the Plasma and Beam Physics Commons

Scholarly Commons Citation

Reynolds, M. A. (1996). High-Frequency Fluctuations of a Modulated, Helical Electron Beam. Physics of
Plasmas, 3(). Retrieved from https://commons.erau.edu/publication/394

This Article is brought to you for free and open access by Scholarly Commons. It has been accepted for inclusion in
Publications by an authorized administrator of Scholarly Commons. For more information, please contact
commons@erau.edu.


http://commons.erau.edu/
http://commons.erau.edu/
https://commons.erau.edu/publication
https://commons.erau.edu/publication?utm_source=commons.erau.edu%2Fpublication%2F394&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/205?utm_source=commons.erau.edu%2Fpublication%2F394&utm_medium=PDF&utm_campaign=PDFCoverPages
https://commons.erau.edu/publication/394?utm_source=commons.erau.edu%2Fpublication%2F394&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:commons@erau.edu

High-frequency fluctuations of a modulated, helical electron beam

M. A. Reynolds® and G. J. Morales
Department of Physics and Astronomy, University of California, Los Angeles, California 90095

(Received 17 June 1996; accepted 27 August 1996

The high-frequency electromagnetic field generated by a density-modulated, helical electron beam
propagating in a magnetized plasma is calculated. The magnetic fluctuations are found to exhibit
spatially localizedevanescentesonances at harmonics of the electron-cyclotron frequency, whose
width is determined by the pitch angle of the beam, and whose existence is a consequence of the
helical geometry. In addition, electrostatic modes are radiated near the hybrid frequencies, and
electromagnetic modes are radiated above the upper-hybrid frequency. The predicted frequency
spectrum and mode structure in configuration space are in good agreement with experimental
observations of discrete emission lines at the electron-cyclotron harnj@&figs. Fluids B5, 3789

(1993]. © 1996 American Institute of Physids$1070-664X96)01312-2

I. INTRODUCTION jected into the ionosphere. They included realistic beam ef-
fects, such as a beam front and the fact that the beam has a
There are several areas of contemporary plasma physidfite thickness on the order of the Brillouin radius. Harker
in which radiation from localized charge distributions playsand Bank&!! calculated the power radiated by a helical
an important role. Current and temperature filaments irelectron beam through the far field, and also the explicit form
tokamaks, auroral electron beams in the ionosphernd  of the near field. However, they restricted their study to the
artificial particle beams injected into spacare some of whistler and lower-hybrid frequency regimes, and also to a
these areas. square-wave density modulation. This type of modulation
This analytical study is motivated by a laboratory experi-allows certain integrals to be evaluated analytically, but hin-
ment performed by Stenzel and Golubyatnikat the Uni-  ders the understanding of the intrinsic frequency spectrum of
versity of California, Los AngelegUCLA), in which the  the beam(which must be multiplied by the spectrum of the
properties of the fluctuating magnetic field near a helicaimodulation to obtain the radiated spectjum
electron beam in a high-density magnetized plasma were Another motivation for the study of localized beams is
measured. This is a fundamental experiment which exploreghe explanation of laboratory experiments like those of
the source of fluctuations near the harmonics of the electror-andauet where many harmonics @, are observed in the
cyclotron frequency, and a theoretical understanding is nedrequency spectrum of the fields measured outside of the
essary to lay the foundation for more involved studies ancplasma chamber. Canobbio and Ctéeiere among the first
applications. When the plasma is weakly magnetizedo suggest single-particle radiation as a possible explanation
(Qe<wpe, Where(), andw,e are the electron-cyclotron and for Landauer's experiment. They considered the radiation of
the electron-plasma frequencies, respectivelye observed electron Bernstein modes by a single electron in a hot plasma
frequency spectrum of the axial component of the magnetiand found enhanced emission at the upper-hybrid frequency,
field is characterized by sharp resonances at the harmonics piit did not determine how these quasi-electrostatic waves
Q..* Resonances of this type have been observed previould convert to the electromagnetic radiation observed by
ously, e.g., remotely by Landaughut notin situ as in the  Landauer.
UCLA experiment. These local measurements show that no  |n addition to treating all frequency regimes equally, the
plasma instability or nonlinearity is involved, but that the present study considers the density modulation to be arbi-
fields are generated by the free-streaming electrons. That igary, and separates out those effects that are due to the ge-
large fields are produced only when the conditionometry of the beam from those that are due to the details of
o—nQ.=k U is satisfied, wherdJ is the velocity of the the modulation. Also, while the general formulation allows
beam parallel to the magnetic field andis the azimuthal for either ion or electron beams, this study concentrates on
mode number. electron beams and frequencies ab®yg. It is found that
Previous theoretical work on linear fields has focused onthe resonances observed by Stenzel and Golubyathikey
propagating modes and has not examined the evanescetfie to the helical geometry of the beam, which forces varia-
fields which characterize the parameter regime of the UCLAions in z to be mapped into variations i, and which
experiment. For example, there has been long-standing inteproduces large fields only for the beam modes,
est in the space-physics community in the problem of moduw —nQ = kjUj. In the frequency regimé)<w<w, the
lated electron beams acting as sources of whistler wlvesplasma modes are evanescent in the perpendicular direction
Lavergnatet al®~° studied Bernstein modes, plasma wavesso that the fields are localized near the beam. Near the hybrid
and electromagnetic whistler waves generated by beams ifrequencies, however, the plasma modes propagate and are
electrostatic in character, in agreement with the findings of

dPresent address: Beam Physics Branch, Plasma Physics Division, Nav'ganObb“?l- Finally, for frequencies above,., the plasma
Research Laboratory, Washington, D.C. 20375. is essentially transparent near the electron-cyclotron harmon-
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| 2nuy /Qefe-

n R -
jp(X,t)= r—q(U||z+Qerc0) dp—re)8(0—QZIU)), (2)

T, whereQ.=qBy/mec andm, is the mass of the beam elec-
trons. A relativistic correction may be included Gk, if the

» 2, B, beam’s velocity is large enough; however, in this paper we
restrict our study to beam velocities which are nonrelativis-
U U U U U tic. Alternatively, the perpendicular velocity), =Q.r,
can be used to parametrize the beam. The Fourier transform

[i.e., assuming a dependence of éxp(-iwt+ind)] of the
FIG. 1. Geometry of the helical beam considered in the analysis.  helical current in Eq(2) is

~ 2meqn(U),  Qefc.
ics, and the beam radiates electromagnetic fields similar to Jo(p.nKp, @)= le FZ+ < ¢
those in a vacuum.
Section Il formulates the general helical beam problem, X 8l ki— “’__nQe) S(p—re) (3)
and sketches the calculation of the fields produced by that | Uj “

beam. Section Ill examines in detail the physics of the highyynere

frequency regime ¢>(),) and catalogues the character of

the fields, including the sharp resonances at the electron- ﬁ:f'” dr e“n(7) 4
cyclotron harmonics in the frequency spectrum. The analyti- —w

_cal predictions are compared with experlmental observatlon% the spectrum of the modulation 2t 0 (the “injection”
in Sec. IV, and Sec. V is the conclusion.

point).
The formalism can be extended to the other two types of
Il. CALCULATION OF FIELDS beams mentioned previously: single particles and annular

The source of the fluctuations is modeled as a densityP€ams. The only modifications appear in the expressions for
modulated, charged-particle beam of infinite extent inzhe n and n. For a single particle, the density becomes a
direction, immersed in a uniform plasma with a backgroundd-function and its transform is a constant
magnetic fieldB,=Byz. The role of this beam is that of a 1
current source; no plasma feedback is included in this for- n=g§(z—Ut), n= O (5)
mulation, and hence no instabilities. Effects due to the injec- I
tion point and beam front are not crucial to the form of theFor an annular beam, the beam density must be integrated
steady-state fields, and hence are not included. However, ttever the angled’ at which the beam crosses the 0 plane.

beam is defined by its properties at the 0 plane, as if it  That is,n is a function of bothr and¢’, andn is a function
were injected at that point. To facilitate future study of dif- of hoth frequencyw and azimuthal mode number
ferent types of beams within one theoretical description, we

consider beams whose current dengif,t) is proportional A(w,n)= fw dr eimfzwde, €' (r,0"). (6)
to a radial 5-function — 0

Jp(X, )= d(p—r), (1)  The Fourier transforms of the current density of all three
types of beams have the same structure due to the fact that

mzeéegétsrgzeraﬁ;ﬂ? Oiytl;]nedE(;er;ad;?tli;ce’grd_:_?]?;efoirrﬁjg tionthey are made up of free-streaming particles. The particle
Y P ' nature of the source current is manifested in £, which

is able to describe single particles, helical beams, and annu-

lar beams. All three types have the property that the particle3°!dS for all three types; only the correct expression rior
remain at a fixed radiug=r. must be inserte@Eq. (4), (5) or (6)].

The experimental realization of this model consists of a The calculation of the linear electric and magnetic fields

beam injected continuously into the plasma at a specific IoSjue to a current source with cylindrical symmetry in a cold

cation, and at a given angle to the ambient magnetic field, aglasma .iseiilmilar to the deriva.t;.on ?f the fields in.al ur:ﬂirf?orm
sketched in Fig. 1. This beam spirals along the magnetic ﬁelavavegwd h but r;:u'st be_mOd'”'ekd or a tensor d,'ehefc c.
and, because the modulation affects only the density, it reBecause the technique is well-known and straightforward,

tains its helical shape; there is no velocity spread. i.ée only a sketch is given. , )

the number of particles per-unit-length in thedirection at The plasma is represented by the cold dielectric tensor
time t and positionz; because the particles simply free e, —iey O

stream in thez direction, n is a function only of o= iey 6 0 @
7=t—2/U|. The total current passing through ttze=0 - '
plane(i.e., “injected”) per-unit-time is given bygn(t)U, 0 0 €

Whereq is the Single-particle Charge. In the Cylindrical COOr- where the elements of are functions ofw on|y_ The sepa-
dinates of configuration space,(,z) the beam current den- ration of the fields into parallel and perpendicular compo-
sity has only# andz components nents(with respect taz, the direction of the static magnetic
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field) decouples Maxwell's equations, resulting in differen- 2i

tial equations for the parallel field componeris, and B, . In(ker JHP (K p)— —la(kro)Kn(k2p), (12b)

The solutions away from the beam are written in terms of

Bessel functions, and then integrated over the source to obvherex% = —k&. When the character of the fields is prima-
tain the overall magnitude of the fields. The perpendiculafily evanescent, the modified Bessel functions provide a
field components can then be determined in terms of th&ore convenient form for both interpretation and numerical
parallel components if desired. This method works when th&valuation.

medium is uniform and can be described by a scalar The perpendicular components of the electric and mag-
dielectric! It is also applicable to tensor media when, as innetic fields are linear combinations of the parallel compo-
the present case, the dielectric tensor is both Hermitean arftents, and can be determined by applying the opezatoo

block diagonaf® Ampere’s law and Faraday’s law to obtain
.Th_e complete solution for the parallel electric and mag- VLBZ—Ik”BL-I-IkOZXs ‘E, =0, (133
netic fields is A
_ V, E,—ik|E; —ikozxB, =0, (13b
E,(r,w)= ﬂeim/uuz ein(6—0ez/U)) whereV, =V —2d/9z. Equations(13) can be solved alge-
Fe n braically forE, andB, in k| space, and the resulting expres-
hody(kep) p<re sions !nverse-transformed if configuration-space dependence
X > o , (8a Is desired.
* n (Kep) p>r¢

~ Ill. GENERAL FIELD BEHAVIOR

gn
B(r, w)— . "”Z/U”E gln(0~ ezl Equations(8) are now evaluated for an electron beam
¢ and for frequencies abov8.. For weak magnetic fields

hoJ.(kep) p<r. (Qe<wpe) this range of frequencies consists of three re-
x> 77+[- HOK, p) p>r ] (8b)  gimes: the “evanescent” regime),<w<w,,) wWhere the
- J=FnKap) P Te fields are radially localized, the “upper-hybrid” regime
where (wpe<w<w,,) where the beam excites propagating upper-
hybrid waves, and the “vacuum” regimew(,<w) where
h. — i U, Hgly(k:rc) the beam excites propagating electromagnetic modes near
i e (7+—17-) Korce, c I (kery) the harmonics of(},. When the magnetic field is strong

(wpe<{¢) only the last two of these regimes exist above
Q.
U e
- ( Kor [Njen—inz(e — Nf)]—” Before evaluating the fields numerically, it is helpful to
¢ investigate the physics qualitatively by examining the struc-
(1) ture of Egs.(8). All of the field components, for example
: Uy || Ha(kare) B be written in the dimensionless f
e +insNj]— 9) 2, may be written in the dimensionless form
C /| Jn(kero)
B_ r, = — eIZ w— nQe)/U”eme

Here,J, andH{" are Bessel functions and Hankel functions o) (q /fc) ; Darlp: )
of the first kind, respectively, the prime denotes differentia- (14
tion with respect to their argumerty=(w—nQg)/koU) is
the scaled parallel wave numbég= w/c, and

whereb,, is the strength of thath term. An investigation of
B, (rather thanB,) has the advantage of separating the ef-

€, (K3/k5) —€)(e, —Nf) fects of the density modulatiom, from those inherent to the
nN+= TeuN beam. The dependence of thth term oné andz is oscil-
HE latory
ieyNje
HY € (10)

w—nQ,
) | (15

ino .
exp(in )exp{lz( U,

The quantityk.. is the perpendicular wave number, and is Thjs structure arises as a consequence of the beam geometry,
given by the two solutions of the dispersion relation which demands that if the azimuthal dependence is har-

N2 N2 N2 2T N2 N2 . N2 — monic, expiné), then the axial dependence is a phase oscil-
(&= NDL(eL =N%) (e ~Nj) ~ eh] = NINj(e, =N=0, lation due to the free streaming, i.e., only those waves which

(11) satisfy the Doppler-shifted cyclotron condition
2 2 2 2,2 .

whereN?=N T +Nj andNi =ki/kp. The fields may alter- 0-nQe=kKU|, (16)
natively be expressed in terms of the modified Bessel func-
tions |, andK, by making the replacements are excited. The strength of theth term is governed by
b,.(p,w), whose evaluation requires a detailed knowledge
of the dispersion relation because it depends sensitively on
ks .

- Q(Q_Nf)_fﬁ_fl(kztlk(z)) '

2i
HIP (kT o)dn(kep) = —Kn(kTo)ln(k=p), (120
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The parallel index of refractiol is a measure of the

frequency separation from theh harmonic
N” x w—nQe. (17)

Two limits are usefulN;~0 (near thenth harmoni¢ and
Nj—co (far from thenth harmonig. In the smaliN; limit, the

two solutions for the perpendicular wave number are ap-

proximated by

2 2
2 €~ €y
NL ~ E” ’ ’
€

(18)
which are the well-known dispersion relations for the ordi-

nary and extraordinary modes, respectively. For lakge
N? approaches

(19

FIG. 2. Frequency spectrum of the scaled magnetic fsld The spatial
location is p/r.=0.7, §=z=0, the beam parameters are,=88°,
B=0.01, andwgelﬂgza= 10*. The choice ok=0 is a convenience, and is
made in all of the figures. The dashed line is E23) for n=4 and the

which are the dispersion relations for the electromagneti@otted line is Eq(26).

and electrostatic modes, respectively. In E49), N, has

been taken to be larger than all elements of the dielectric,
which means the frequency does not correspond to a hybrid

resonance.

There are three important dimensionless parameters: the

pitch angle

p=tan 1(U, /U)), (20
the scaled velocity
JuZ+Uu?
A e
and the effective magnetization
whe
a=—>. (22
%

A. Evanescent regime: Q .<w<wpe

In this frequency regime, the real partNf is negative

U,

rC
<V, exp(—kjlp—r)),

c (23)

zn—
where the exponential behavior stems from the large argu-
ment expansion of the radial Bessel functions. The approxi-
mation in Eq.(23) is shown as a dashed line in Fig. 2 for the
n=4 term. To determine the frequency scale, the argument
of the exponential can be written in the form

|w—nQe|
kH|p—I’C|=T, (24)
where
A U,/U cot @
_ Wy p 25

Q_e= 11— plr| B |1—plre|’

is defined as the width of the resonance, corresponding to

for all values ofN|, hence the fields are radially evanescentonee-folding. For the values of the parameters in Fig. 2, Eq.
and are localized near the beam. We will show that each terrf®5) predicts a half-width oA/ ,=0.12, in good agreement

in Eq. (14) decays exponentially as the frequency is variedwith Fig. 2. Sharp resonances, therefore, are obtained at ra-
away from cyclotron harmonics. Figure 2 shows a typicaldial locations far from the beanp(r.— or p/r.~0), and

spectrumB,(w), for a beam with a pitch angle d@f,=88°
and a scaled velocity g8=0.01, immersed in a plasma of

for large pitch angles. For large pitch angles, E2p) im-
plies that the resonance width depends sensitivelygpn

a=10% This spectrum is taken at the spatial location of This dependence is depicted in Fig. 3 which shows the fre-

plr.=0.7 andf=z=0. It is convenient to choose=0 be-

quency spectrum for three values of the pitch angle,

cause, except for the phase factor due to the free-streamirfy==87°, 88°, and 89°, and at the same spatial location as

[see Eq.(15)], the field is periodic inz with a period of
2w /Q,. All figures in this paper will therefore evaluate
the fields atz=0. Peaks occur at the cyclotron harmonics,

Fig. 2 (p/r.=0.7 and9#=z=0). The determination of the
resonance width as a function pfis complicated by the fact
that the magnitude of the field is also a function of radial

with a maximum amplitude that decreases with increasingosition, as is investigated next.
harmonic number. To understand this spectrum, each term in  Whenw is near a harmonidy;~0, and Eq(18) can be

Eq. (14) needs to be considered in more detail.
Near thenth harmonic, thenth term in the sum is larger

used to approximate the perpendicular wave number. If, in
addition, p is not too large, the Bessel functions may be

than the other terms and has the shape of a resonance, wipanded for small argument to approximate the magnitude

exponential wings. To illustrate this feature, consideio be
different fromn{),. In this caseN| is large, the asymptotic
solutions in Eq.(19) may be used, and the strength of the
nth term approaches the value

4720 Phys. Plasmas, Vol. 3, No. 12, December 1996

of the field at the peak of theth harmonic

U, 1 [(ente)(plr)” p<re

C € ((en—e)(rc/p)” p>r)

bn (26)
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(1) Each term in the sum has axial and azimuthal depen-
dence given by Eql5), and a radial dependence given
by Eq.(26) at the harmonic, and by E@3) far from the
harmonic.

(2) For large pitch angles and far from the radial location of
the beam, the frequency spectrum consists of sharp reso-
nances at the cyclotron harmonics. In this parameter re-
gime, these resonances are well-approximated by one
term in the infinite sum — the other terms are exponen-
tially small. Hence, the field has the same spatial depen-
dence as the single, dominant, term.

(3) Close to the radial location of the beapy=r., and for

©/0, small pitch angles, many terms contribute significantly

to the magnitude of the field. In this case, the field mag-
nitude at a given frequency is a superposition of those
terms that are “closest,” in the sense of EG7).

FIG. 3. Frequency spectrum of the scaled magnetic IEIdlor three dif-
ferent values of the pitch anglg,=87° (dashed ling 88° (solid line), and
89° (dotted ling. The spatial location ig/r.=0.7, #=z=0, the beam ve-

locity is S~ 0.01, anda— 10", These properties are due to the Bessel functions which ap-

pear in the expression for the field, and hence are a conse-
quence of the helical geometry. Because all components of

This is due solely to the extraordinary mode, for the polar-E @nd B depend on this same product of Bessel functions,
ization of the ordinary mode iB,=E,=0. This expression they all exhibit similar structure.

contains both the decrease of peak amplitude with harmonic

numbern for a given radial position, shown as the dotted B. Upper-hybrid regime:  wp.<w<,p,

line in Fig. 2, as well as the dependence of peak amplitude

. . ; This frequency regime is characterized by electrostatic
onp/r . for a given harmonic number. The radial dependenC(?Nave ropagation. As 1ond as... and w.. are far from the
of B, for =20, and for three different values of the azi- propag ' 9 38pe un

e o o A harmonics of()., the value ofN| is large for all terms in the
muthal angleﬂ—p , 90°, and 1807, IS shown in Fig. 4. Far sum, the approximation in Eq19) can be used, and because
from p=r, the fields are well-approximated by a power law

. . the electrostatic mode has a real and posilie, the fields
in p, as predicted by Eq26). Qf course, ap becomgs large, gropagate. Although the dispersion relation is well approxi-
the small-argument expansion is no longer valid, and th

. ) mated by the electrostatic dispersion relation,
fields become evanescent. Near the cyclotron radius, th c +KCe=0. the fields have a sianificant maanetic com-
width of the harmonic resonances increases, implying that: "t~ "l I— ™ . 9 an

. U ._ponent, hence we continue to uBg as characteristic of the
many terms contribute significantly to the sum, and the radia). ) .

. o ield structure. The electromagnetic mode may be ignored
dependence departs from the simple power law. This is th ecause it is evanescent with a short decav lenath
mathematical manifestation of the fact that the induceq —_, -1 where the inequality is due to the f;/ct the?t
plasma current near the beam is strong and has a compl?(x:ﬁl e qualiity
spatial structure. Ll

The following picture emerges: To illustrate the behavior in the upper-hybrid regime, we

choose the value of=20.25, which impliesw,e=4.50,
andw,,~4.610 .. This upper-hybrid regime corresponds to
the frequency interval between the=4 andn=5 harmonics

so that the largél; approximation is appropriate for all terms
in the infinite sum. Figure 5 shows the magnetic field due to
the n=5 andn=6 terms at a radial position gi=2r,
outside of the beam. The oscillations in the field are due to
the Bessel functionsJg(k_r.) and Jg(k_r.), where
k_~koNjv—¢€|/€,. As o approachesv,,, €, approaches
zero, and the oscillations are more closely spaced. The field
in this limit approaches the value

b 2N2—U”\/FC\/—6| K re—snm— >
| Zn|—> I G F Te, COo§ K_TI¢ EI’HT Z’JT
(27)

Because these waves propagate away from the beam, it is
useful to discuss the power radiated by the beam and its
FIG. 4. Radial dependence of the scaled magneticB_gIﬁbr three different radiation reSIStance'. The toFaI power radl.ated per—umt-length
values of azimuthal anglé—0° (solid line), 90° (dashed ling and 180° . May be found by integrating the Poynting vec®over a
(dotted ling. The parameters ares/Q,=2, =001, «=10", and CYlinder of lengthL and radial positiop>r  that is centered
6,=88°. on the beam

0.0 0.5 1.0 1.5 2.0
p/7,
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FIG. 5. Frequency dependencelpf (thin line) andb,g (thick line) for the
parameter values ofr=20.25, 3=0.01, §,=88°, and a spatial location
plr.=2, 6=z=0.

FIG. 6. Frequency spectrum of the scaled magnetic Bgléh the vacuum
regime. The spatial location is/r.=2, §=z=0, and the parameters are
B=0.01, 6,=88°, anda=1. For comparison, the dashed line is the spec-
trum for a=10%, with all other parameters the same.

1L 2w
P=EJ dz| d0 ps,. (28)

0 ever, the beam radiates near the cyclotron harmonics, and the

The contributions from the endcaps of the cylinder cancel. Aadiation resistance per-unit-length is again a useful quantity.
radiation resistance per-unit-length, which is a measure o¢nlike the upper-hybrid regime, the regions in frequency

the efficiency of the beam, may be defined as space corresponding to propagation do not overlap for dif-
ferentn, so that the radiation resistance per-unit-length for
R= ip (29) w=n{, (on the harmonigsbecomes
I 1
| | B To UH 2 ) Qé/wZ
where [1|?=q2Uf|n|2. In this upper-hybrid frequency re- R=107|| ¢ | Inlksre)+ = =)
gime, the resistance is approximately | e A
2N 1 1 1 X{neydn(k_ro)—k_ree, I (k_r)}?|, 32
R%E H CO§ k_rc__nﬂ'__’n' ) (30) { €H n( C) c€L n( C)} ( )
n Cr¢ ‘/—Enq 2 4

o ) ‘where
For the parameters in Fig. 5, the magnitude of each term is

approximatel U,
pp y k+l‘c=n?€H, (339
Ni 1 2% 10 0, 2 31
o HEA0 e o U, €4
k_re=n— (33b
if Qe is measured ing. Electrostatic waves are also radi- C €
ated above the lower-hybrid frequency. The two terms in the square brackets represent the power
radiated into the ordinary mode and extraordinary mode, re-
C. Vacuum regime: w,,< spectively.

As w becomes large compared with,., the radiated
ields closely approximate those that would be radiated by a
beam in vacuum. That isg approached in this high-
frequency limit, and the arguments of the Bessel functions
approacmU, /c. If U, /c<1 as well, i.e., the beam is non-
relativistic, the radiation resistance takes a simple form

For frequencies larger than the upper-hybrid frequencyf
N? can be real and positive for small vaIuestf, i.e., the
ordinary mode propagates far>w,., while the extraordi-
nary mode propagates far>w,y,. This implies that for fre-
guencies very near theth harmonic, thenth term describes
a propagating electromagnetic field. The contribution of

other terms is exponentially small because for tmﬁnis (En£> 2n
large. ™ (2 ¢ Up\2 (ui\?
To illustrate this behavior, we choogse=1 which places R~ U2 (n)2 (? +n < /| (34)
all harmonics above the upper-hybrid frequency, so that both |
modes will propagate for small; . A typical near-field spec-  Which for largen becomes
trum is shown in Fig. 6, forp/r.=2, §=0.01, and Q. e U |2
6,=88°. Also shown is the spectrum far= 10* (evanes- R(n—>oc)—>U—ﬁ(§ T) , (35

cent regime for comparison. As in the evanescent regime,
sharp resonances occur because the paraigferis small, so that the resistance decreases with harmonic number as
and the strength of each term decays exponentially. Howg?", as expected.
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IV. COMPARISON WITH EXPERIMENT

In the experiment performed at UCLA by Stenzel and
Golubyatnikov! the parallel component of the fluctuating
magnetic field is measured usingBaprobe, which consists
of a circular wire coil in which the induced emf driven by the
changing magnetic flux through the loop is detected. Bhe
probe is 2.3 cm in radius, with a thickness of 2.6 mm. This
radius is approximately equal to the cyclotron radius of the
beam electrons, the exact ratio depending on the beam'’s per-
pendicular velocity. The background plasma in which the
beam is immersed is weakly magnetizél,<w,e, and its o
temperature is low enough to warrant the approximation of x/r,
the dielectric tensor by that of a cold plasma.

There are three experimental facts which, when CONg |G, 7. Radial dependence of the scaled magnetic ET@I(theoreticaI pre-
trasted with the theoretical idealization presented here, makgction) for the first two harmonicso/Q .= 1.01 (solid line) and w/Q =2
the quantitative comparison between experiment and theortgashed ling The parameters areg,=88°, =0.01, z=0, and
difficult. First, and most important, is the finite size of the =07 180°. Compare with Fig. 12 of Ref. 4.

B probe. The experimental technique cannot detect varia-
tions in the magnetic field on a scale smaller than the size Oéhown in Fig. 7 is seen in the experiment. However, the

the probe. .For typical beam“energwies of 30 V-100 V’_ themeasured field decreases more slowly, a feature expected
corresponding cyclotrpn radii ang,~1.7 cm-3 cm. This from the finite size of the probe. At the cyclotron frequency
means that the probe is not much smaller than the beam, arag):Qe)’ however, there is a significant discrepancy. While

is sometimes larger. The present theory, however, detejye eyperimental measurement does show a sharp drop in
mines the field locally. Because of the mathematical form iNmagnitude fop=r ., it remains large fop<r, and does not
=lco C

which we have expressed the fields infinite sum of Bessel  ¢,,0w a minimum ap=0. The present theory does not pre-

functiong, it is difficult to integrate the field over the area of dict this type of behavior, most likely because it does not
the probe, except when the probe is located either completelyc|yde any dissipation mechanisms which might be present
inside the beamd<r.) or completely outsided>r.). Sec- i the experiment.

ond, while the theory singles out a specific pitch angle and e frequency dependence of the magnetic fluctuations
beam velocity, the experimental beam has a finite spread i perhaps the most striking result of the experiment, and is
thes_e _qugnt|t|es produced by the br(_)adband noise inherent gXplained by the present theory. The theoretical spectrum in
the injection process. Thus, there is no well-defined beangiy g where the parameters were chosen to approximate the

axis. Third, the beam is injected from a specific location ancsyperimental conditions, agrees qualitatively with the experi-
does not extend infinitely iz. This fact leads to the experi- ental spectrum seen in Fig. 6 of Ref. 4. A quantitative

mental observation that when the probe is near the injectiogomparison s difficult to make, for the reasons mentioned
point, the field spectrum is broadband, corresponding to theayjier. Due to the dependence of the resonance width on
noise of the injection. However, when the probe is far fromp;ich angle and radial location, and the experimental spread

the injection point, those modes that are not coherent arg, these quantities, the resonances of the observed spectra
filtered out, and spectra more closely resembling those in

Fig. 2 are obtained. This implies that the theory can only be
used to explain measurements taken far from the disturbing
influence of the injector.

The simple axial and azimuthal dependence predicted by
Eq. (15) is observed using interferometric techniques. For -
large pitch anglesd,~88°) and frequencies nef¥. and its o0 |

30 T T

first harmonic @/Q.=1,2), the observed dependence is @ r
clearly €™’ and the measurezi dependence is uniform, i.e., & |
k;=0. The phase change mis also measured for interme- - F
diate frequencies(l.<w=<2(,) andk| is found to be con- = 10}

sistent with Eq(16), wheren is the “closest” harmonic, i.e.,
due to that term which has the largest magnitude. The
present theory agrees well with these observations.

The observed radial dependence at the first harmonic
(w/Qe=2), depicted in Fig. 12 of Ref. 4, also is in agree- ©/Q,
ment with the present theory as shown in Fig. 7. This theo-
retical plot is a cut along for y:_O. That, I,S’ hegative V_alu,es FIG. 8. Frequency spectrum of the scaled magnetic fBld The spatial
of x correspond tof=180° while positive values signify |ocation is p/r,=0.7, 6=2z=0, and the parameters arg,=88°,
6#=0°. The minimum atx=0 and the decay foftx|>r.  B=0.0198, andv=8711. Compare with Fig. 6 of Ref. 4.
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electron-cyclotron harmonics. This behavior is well de-
scribed by the excitation of beam modes which satisfy the
condition w—nQ=kU;. The width and magnitude of
these resonant peaks can be explained by the form of the
fields both near the harmonics and far from the harmonics. It
is found that the peaks are functions of the pitch angle and
the spatial location. The axial and azimuthal dependence of
the fields is also described by the model developed in this
study. A discrepancy arises between the experimental results
and the theoretical prediction for the radial dependence of
the field at(},. The finite size of the measuring instrument,

a magnetic loop which integrates the flux, as well as the
idealization of the theory, which includes neither a velocity
modulation nor a spread in pitch angle, are the probable
FIG. 9. Dependence of the frequency spectrum of the scaled magnetic fielgauses fOIj ,the discrepancy. . L

B, on the pitch angles, of the beam. The parameters afe-0.0198, In addition, the present Fheoretlcal formylatlon is general
a=10%, and the spatial location j&/r.=0.7, §=z=0. Compare with Fig. 8 ~€nough to describe fluctuations generated in other frequency
of Ref. 4. regimes as well as those generated by ion beams. This gen-
erality allows the calculation of quantities such as the radi-

ated power in a straightforward manner, without resorting to

hﬁf abmlnlmxml W'dtdh’ reggrdless ?f the average dﬁﬂramej[fgpproximations. Two of these other frequency regimes, near
orthe beam. A clear dependence ot resohance width on pitcll, apove the upper-hybrid frequenoy;,, have been con-

;ng;]le |sT|rr]1deed (_)tt_)s_ervef(ir:n the e>_<per|rt'n|e(l$tse Fig. 8 OT dthsidered. Nearw,, the beam radiates a broad spectrum of
ef. 4. The sensitivity of the experimental resonance wi electrostatic waves which propagate away from the beam,

on . hqwever, IS not as sirong as predicted k_)y the presergnd propagating electromagnetic modes are emitted near
model. Figure 9 shows that the resonances disappear Wh?lﬁ'ose harmonics of).. that are aboves
e uh-

0,~80°, while experimentally they are seen for pitch angles
as small as 70°. Because experimentally, the resonanceCKNOWLEDGMENTS
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