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Synoncis

Instsbilities near harmonics of the electron cyclotron
frequency =rn ohserved when a wenk eleclron beum is injected
into a plzoema . nezrly thermal equilibriwn.  lMeasurements of
miernwave corission show that the cleciron cyclotron harmonics

cre enhnnced cororgly by the eleciron bheawn poosing through the
plasma, and that ot the come line the second hermonice of ihe

enhanced cyelotron harmonics ~re senerated ho. 2 nonlinear effect

ot

in plzaemar,  The cxperimental recolic are interopreted by means

n

of the model of & Nowwelllisan pla

("x

mwa penetrated by o monoenergsiic

{

* Reported in rart ir J. Phya. Coc, Jopoan £ (1967) 660



§1 Introduction

-~
L

in the lzst few years, considerable intercsts have been built

un in the rroblem of eleciren cvclotron harmonics in plasma,

1)

Landauver could find the electron cyclotron harmonic emissions

I

vn to vhe 45th, by observing noise rmicsion from the PIG discharge,
o ) . .
For exnlaining the res 1%, Carokbhio nand Croci‘) agcribed the harmonic

emicsiors to ine electrostatic woves which sre excited by superthermal

-

PN o . .- - Tt 3 Yy N R
crlo oot existing in PIC dischnrye z2ind

roorgate perpendicular to

3)

o

the ma,meiic Tie'd., On tue otrer h=nd, ituni, Yubo ond Tanzka
observed the ~veliotraon hormonic emlizsions in the low cressure arc
Gilsnliarge s well Dramining the dicozrcion characteristice of
thece emisczionr, *“Lieyr showel! thai thev correcovond to the lengitadinal
plasma oncillations irn the magnetic Tield, which are suggested by
Bernstein, Mony cutnors
near cyclotron harmonics irn & -collizionless plasma, nnd showed that
they can rproverate perverndicular to the masnetic field without
Tendau dzmning,

In the case of the pronpagation parallel to the static magmetic
field or more ~ener=1l:, in ihe cose of *he propagsticn nblique
to the warne'ic flela, the Inndas ozaniips olarz zn important role
and thereforec, the 2velotron hormonic waves ¢omp oul fnd can not
provagate in o Movwellizn vlscme,  However, in n plasme with an electror
beam running =lorz the neynmetic field, the growing cyclotron harmanic

waves propazatine poraliel to the w=rnetic fi2ld are expected,

because the elzeliror horn excites ~he wave., stronzlyv to overcome

]

Landou denplin -, AGrober 2% 2l and Dekxefi et 71,'’ cbserved the
cyclotron harsonic veco crowing alons the nngmetic field in a beam-

generated plasuna,
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harmonic emiszions cre enhanced strongly, their second harmonics

are genernted by & nonlinear e¢ffect. Experimental results are analyzed

0
by the theory of Crawford et nl,”)



§2  Experimentsl apparatus and procedures

In order to investigate the instabilities of plasma due to
the presence of an electron beam, it is desired that a highly
ionized and Maxwellian plasma is produced znd an electron beam
is injected into this plasma. To obtain such a beam-plasma system,
we have set up the apparatus which is consisted of three regions,
that is, the dc discharge region, the plasma-diffused region and
the beam-produced region, as shown in Fig. 1. Argon gas of the
pressure of about 1071 torr is fed into the discharge region and,
by using o method of differential pumping, the gas pressures of the
plasma-diffused and the beam-produced regions are maintained at
about 5 x 1074 and 7 x 1070 torr respectively., An external magnetic
field is applied along the tube axis and its intensity distribution
or the axis is shown in Fig. 1. In the discharge region the plasma
is produced by a dc discharge between a cathode situated at the
center of the cusped geometry and an anode situated near the point
cusp. The uaischarge current Id is varied from 2m? to 4.55. This
plasma is diffused throngh a hole (R mm in diameter) at the center
of the anode intn the plasma-diffuseu region along the external
magnetic field. In the diffused-plasma region, ihe magnetic
field is uniform within = few percent =znd the rlasma is present
near the 2xis of glass tube (50 mm in diameter), At the discharge
current of 4.5), the electron density is equal to about 1O13 cm—3,
and the degree of ionizution is of the order of ten percent, while
the electron temperature of the plasma is about 1 x lO4 OK, and
does not depend on the ef%tron density. The principle of the

. C10) . .
apparatus is similar to the TP-D mnchine™ ~ at the Institute of



Plasmn Physics, Nagoyn University.

‘n electron heam is produced by the Pierce gun in the beam-
produced region, and is irjected into the plasms-diffused region
through 2 hole of 2 mm in diasmeter. This electron gun is set outcide
the air-coil magnet, so the electron ejected from the gun feels the
incressing magnetic “ield as it runs to the plasma-diffused region.
Therefore, a part of the initial energy of the electron is trans-
formed to the energy perpendicular to the magnetic field, When the

voltage of the bveam V., is changed from 30V to 600V, the current of

b
the beam Ib, changes from 0.07 mA to €.,0 mt. (The perveance of the
gun being about 4 x 10—7.) The electron density n,, of the beam is
8 - .
about 5 % 107 cm 3 a2t I, = 2.2 m!, The gun is operated continuously
b

or pulsivel:.

Vicrowzve® emissiongfrom the beam-plasma system are received
by two radiometers which are operated at the two receiving frequencies:
of f = 4.1 and ' = 2{ = 8.2 Gliy respectively and. have the band widths
cf © MHz. Mezcurements are made in the following wav: The discharge
currsnt is kevt a2t the {ixed value of Id and the magwnetic field
iggweot. The output power of the radiometer is plotted ss a funection
of the magnetic field on ths MV-recorder continuously. When the
accurate power of the emiscior inftensitly is meacured, its power is
compared with and egu2lized to *hzt of the noise standard by insert-
ing 2 kunown value of sttenuation in the tirancmission line from the
plasma to the radiometer. By *he simultaneous messurement on the
emission at the frequency of 4.1 GHz znd 8.2 GHz, we have studied the

phenomenon which occurs @t the same time for these two frequency bands.



§3  Experimental results

3.1 Pmiscion from the plasma, the elctron beam and the

benm-plnsma svsten

Measurements are made or. the microwave emission from the
plasms in the 2bsence of the electron beam z2nd from the electron
team in the sbcence of the plasma respectively. 1In Fig. 2 are
shown those snectra as a function of the marmetic field. In the
curve (z), which is the emiseion spectrum for the beam only, the
cvelotron emiscion is seen =t fc/f = 1, where fc is the electron
cyclotron freauency. The curve (t) shows the emicsion spectrum
for the plasma withont the elctron beem. Since the emission ne=zr
the cyclotron hormonics (fc/f = 1/n) are weak, the plasma electrons
are considered to be nenrly in thermnl equilibrium. Cn the other
hand, the degree of ior.isntion o this plasma bhecomes to be of the
order of ten percent, ne described in §2. Therefore. we have obtained
the plasma whicl is Meoxwellian nnd highly ionized.

When the elctron benr: is injec?gé into this pliasme, the emission
spectrum changes from ithre curve (b?‘éhe curve {(e¢) which shows that
the strongly enhnnced emissionc are observed near Lhe cyclotron
harmonics. It is noted that foir measuring the curve (c), the sen-
citivity of the receiver is lowered by 21 47 ns compared with that
for the curve (b)), DMoresver, the time~resolved mensurements shows
thet this erhanced emission is net ctatlionary but ovulsating in

time, while the injected electiron besm 1s stetionary.

3.7 The rel=tion betwee¢r the ennmnced emission and plasma

density

In Fig., 3 are shown the emicsion spectra of the zbove-mentioned



enhanced emission for the various discharge current. /At the rather
small discharge current, the enhnnced emission (denoted by the
neak "2") appesrs near fo/f = 1 as chown in curve (a). As the
discharge current increases, thieg vneak rpproaches Lo the second
harmonic FC/T = 1/2, 23 ceen in the curves (b) and (c). VWhile
ng the dischurge current inereases, the intensity of the emission
nleo increaces until it resches the maximum value at 2 cerinin
dischuree current, However, when Id increases furtiher, its
intensily becomecs rather wesk. /1t the snme time, the emission
near the thiril harwonic begins to he enrnnced stronsly. Thus, with
the incrensing dischrerege current, higsher and higher harmonic is
enhanced stronesly, while the lower hormonic disapnears, as shown
in the curves (c) ~~ (e).

The a2bove-rentioned charncterictincs, oboerved exmerimentally,
of the enhanced cmiacion near the harmonics (n =2, 3, 4, ....)
nre zeen clearly in Firs, 4 =nd 5, In Fig, 4, the normalized
magnetic field fc/f, where the enhanced emissionc appear, is plotted
as v [inchbion »¢ discharge current, In Fier., 5, the intensity of
enhanced emissions, normalized Yo thal of the noice gtandard, sre

plotted ac o~ function ot I,.

3.3 Relations between the enhar.ced emiccion ond beam

parsmetera

Nezt, we inveg‘isain the varintion of the enhanced emrission

on the benz norcmeters, i.e., velocity | Vb’ and density of the

electron boam o . For tne fixea value of V, , the intensily of this

”y
14

emicsion near Lne cecond toraonic 1o plotited as o funciion of Ib 08



shown in Fiz, €. Here, in order to vary I, while Vb is kept at

a certnin value, a perveance of the gun is varied by changing the
temperature of the cathode, It is seen from this figure that the
enhanced emission becomes to be observed at Ib = N.1 mt and the
intensity of this emirgion increases exponentially with the beam
currenrt Ib' IQ the case of Vh = 2407 the intensity of emission

becomes tn he saturated and nmounts to P/Pno = 20 4B as the beam

el

current increncesz., Juch a behavior is 2180 observed in the case

of ¥V, = 360V rnnd the ssturnied emission intensity is larger than

In Fipr. 7, the intersity of the enhanced emission is plotted
as 2 Tunetien of VP, keepine Lhe beam density ny (=< Ib/‘fg;), at
Lthe tixed wvaluer, The ernhanced emizsion hecomes to be observed
at Vb = 1607 ond its intengity increases exponentially with the

beam voltuge 7. . Hewever, its incre-~sing rate with Vb becomes

small above = certnin veolue of Vb' Thie vrlues of Vb are about
g2 -3 . 8
240 V for n, - 1.4 ¥ 107 c¢n end asbout 2RC V for n, = 1.8 x 18
]

3

cm

respectiv=ly.

3.4 Doppler zhi“t o cvelotron harmorics waves

It is obcerved experimentianlly that when the beam velocity

is chonred, "he moenetic Tield, where the enhanced harmonicg

emissions ~pneqr, ‘o oonifted,  The velue of this snift from the

‘

magretic “iel. or /7 - 1/n, incre~scs nerrly proportional to

v Vh, thereore tric .o considered to be the Topper shift, 1In Fig. R,
the chifl in f@/” ie nlotted ns o function oy /Vb_
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3.5 Gencrotion o' *he cecrnd harmonics of the strongly enhanced

cyvelotron hnrmonic emissinng

“nen the onhnnced emicsion nenr *“he second harmonic fc/le/2,
is observaed [or tne receiving frequency f = 4,1 GHz, the emission
peak for the receiving freguency ' = 8,2 34z, whick is two times
oY ¥, is nhgerved simulicneouslv. Tn Pig. 9, the upper curve
chows the ericsion vnecirar of the freguency ot ' = 2T and the lower
the so2ctrum ot 7, The eniscion penk, denoted by w2™ in the
spectrum of £' npnesrs 2% the magnetic field near fe/f = 1/2, where
the enhrneced emicninn denoted by "2'", is observed in the spectrum
of f. The in%encity »of %he former emiscion pesk "2'Mis smaller by
30 d8 tharn thoat of she l1-otier "2"., It must be noted that the peak
";” in the grectruam of ' 73 correzponding to the enhencel emission
"2" in the cuorve (o) in ¥L o, 3, In Fi~. 17, the masnetic field,

where the enhanced emi~sion is observed as shown in Fig., 9 is plotted

as = Sunerion of ‘the dischnar;e current Id for the coses of f = 4.1
and f' = 0t = 2.2 GRe reopectively., It i3 known that both enhanced

emissions "2'" Tor  n~nd "2™ for f' occur at the same magnetic field

nesr Fn/? = 1/7, Tor ileze two 2miscione of f and ', ‘the emission
intenzities oo o anet o o007 he Yachorte current Ij are shown in
{

Fie, 11, and those as n tunction of the beam veloecity f Vb are

ghown in Fig, 107,

Furtner, these two emicsions are represented on a2 dual beam

2

ghynchroscone at trg same time 4s shown in Fhato 1, The upper

>

Fall |

trace shows the emicaion for £' and the lower trat for ¢, Both

emissinnge <re pulsatins in time and occur at the came time,
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§4 Discussions

When a weak electron beam is injected into a Maxwellian nlasma,
the strongly enhanced emissions are obgerved near cyclotron harmonics,
28 described in the previous section. It i3 considered that these
emissions rcoult from the excitation of the electrostatic waves
near c¢yclotron harmonics due 1o inctebility which is expected in
beam-plasmn systemz,

As shown in Fig, 2, for ihis enhanced emission the Doppler

shift ie observed, ~nd its {recuency shift is described by
w-2w_ = -k V. . 1
21, 1} D (1)

It is known from the form of the frequency shift given by Eq, (1),

X,

that the instabilils censidered l.ere is not ascribed to the inter-

action ¢f the cyeclotron harrmonic weves in & plasma with the slow

N

space charge wave ‘n a b2zm, tubl Lo the interaction of thHe cyclotron
harmonic waves in 2 plasme with tue cyelolron herun’c waves having
nefative cnergies in o beam, Tt nas been sugpested theoretically by

\
Bers et al.ll'

thet such 2n instnability due to the latter interaction
can occur for the waves propagetir: obliquely to tie static magnetic
civen by them is so complicated

(95

field., DRut tre rdispersion relation
that it connot be applled to the z2nelysis of our cxnerimental recults.
It may ve corsidered !rom thels theorier that the essential charsecter
of this instabilit; is obtained for the case vhere the wave: propagate
perpendicular to the magnetic field. Therefore, ‘n order tn analyze
the experimentsl results, we adeonl the model surgected by Crawford

et al.,”) where the nonoencrgetic electron beam iz injiected into a

Maxwellian placsma, and there occurs ‘he above-imertioned instability
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which results in the excitation of the waves propagating perpen-—
dicular ‘o the amagnetic Tield.
The distribution function of clectrons in veloecity space is

ay
ageumed to be -

/2 5
{ r ; m(Yi + vl,) \

exp - !
2> K T/ \ T /

60 =vey Y By =vpp Y (2)

+ (1-a)

hv4
Y

where o reons tne raitin of the clectron density of the Maxwellian
plecma to thnt of ihe henr-rlacne system, The dispersion relation

“ar the clebirosiatic waves osropaswtling perovendicular to the magnetic

L2 5 T i \\,: ) gt
1 - a/'P [ < Ay (_ ! 2l ' \’ Iy ¥ " ("‘ ‘J\)
- ot s T RN o P U —
‘\.’/\‘ ’L a }\ ‘ ‘ ! ; i 1t o "{/\) e
c =i - ! = >
z Lo i [~HLJL/ J—]
(3)
- /- h / o \: N . e - e -~ ~
where S SRR R gl /g ond w, is the electron

c=leulate! bty Bq. (3) and plotted on

R
)
B
L
-
&
+
-
3

the #11igc Zic~ ram, Joeras the narapeter A 1o Tixed at A = (pc/kw)2='
0,75, 3erond, ucing the criterion of the inotability given by

) . - Lo . - .
Ornwford e ql,,g the resion for '7nls instobllity to occur is
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shown by hntching., Under our experimertal conditions where the
remsity of Lhe ~lectron be~m isg very small compared with that of

the becw rom’ rlosma and the velocity of the beam is very large
comparad Wwitlh the thermal velocity of the plasma, we can assume

toat e o N0 end v Jv - 080 These hatched regions agree qualita-~
Vively with thone “n Wig, 4 where the enhanced emissions are
otserved,

In ®is. 14, is stown “ne growth rate of the ?yclotron harmonics

2o furctions o7 1h¢ olmopa density. Here, the approximate value

0T growtn rete w. of the n th harmonic is calculated from the

4

Lerms ir 3o, (3) by

11 o //\\) I ﬁ/’f!?( /\) i"n-n{,\)

resonant

- *«’

. Lo . N2
\ _U[(_‘_w \ J’ ]\ (t r/ (J ‘M\“ i] N
e TARRNE: - . H N C'\)C/’

-

(- =i ,I i;(_ 7“' (’/‘.\ i )qﬂ ! L/M ) ]

Comperins ‘he ca'calated enrver thus obizined in Fig., 14 with the

—
2
'1

eynerimental curves in Fir, 7, we cnn ¢2 Lthat the devendence of the
srovsh rete on trhe rlasma Jdensity acrees qunlitatively with that of

the in encity »n% 1le harmonic cxmissiong on the dilscharge current.
1)

It ¥as reported by Ikegnmi™ "’ thnt such a beheviour wes observed on
the miecrownve cmission 'rom © wmercury vapor discharge and was dis-—

cugsed theoretically from the view point of radiation from plasma

Next, ‘he value of kH T otne cyclotron hnrmonic wave is
. , s -1 . . , .
calculanted to be V” S dl.n o by uzing Fq.(1l) and the experimental

velue of the Doppic. cii™t shown in Fig, 8, On the other hand,
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k)
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develop =nd ithe plasms becomes turbulent as the electron beam
tecomes much intense, A detailed ctudy of the phenomenon is under
WOV .

The resalts described in %:.is p2per are summarized as follows:
The cyelotyon hermonic waves are erhanced stirongly, when the weak
eleciron bhenn ic injected irto ‘he nearly thermalized plasma, Tt
car be inte-oreted such that thece woaves are ascribed to an absolute
ingtnhil ity doe Lo ine interaction between the cyclotron harmonics
in thc placwma ~ai those irn ihe beam having negnative energles. These
evpericentsl resulte are anslysen by the model of Crawford et a1,9)
When the ayclotron harmonics are erhanced strongly, their éecond
hevronis endoroion @ re oboerved as o result of « nonlinear éffect

LR T
in nlorans,
H
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iist of Figure Captions
fig. 1  txperimental apparatus: 1) gas inlet, 2) cathede,
5) anode, &) electron gun, 5) 2" diffusion pump,

' diffusion pump, anl 7, +" Jiffusion puap.

6) o
Fig. 2 dnission spectra from the electron beém, the plasma

andl the beam-plasma gystem, a3 a function of the static

masnetic field, fc//f. dece, V, =420V znd Ib=3.6 ma,
Fig., % acission sgectrs from a beam-plasma system as a function

of tihe static ma-netic field, fé//f, with Id as a

parametar. dere, [=8,200 .z, Vb=420 V and Ib=3.6 mA,
fig. 4 she magnetic field inteusity, fc//f, where the enhanced

emission is observed, is vlotted as a function cf the

discharge current, nere, £=3,200 wHz, V. =420 V

I
d4° b
and Ib=5. o ive

fig. 5 rower of enhanced emission Pe PnS normalized to that

of tne noise standard, is plotted as a fungtion of the

disc"irge current IJ. iiere, £=3,200 maz, Vb=420 v

fig. © anhanced emission power Ee«//fhs is plotted as a function
of thue beaz current Ib with Vb as a parameter, dere,

f=3,200 .Liz end Id=0-¢ ie

fig. 7 wihanced emission power Pe// Pns is plotted as a function

¢4

of the bea. voltaze Vb’ with n, a3 a parameter,

;:,3(\/\0 u;‘l‘iz ani Id:’\:o:’a Ae
rige 3 fhe masnetic fi=ld © // 7, where the enhanced emission

c
- E N 3 .
i3 obscerved near ;A// f= 1 //3, is plotted as a function

of tne pead veloclity [ Vb . dere, £=3,200 wdz and

i =450 01a.

d -



Fige 9 inission spectra of the beam-plzsma system as a function
of the static magnetic field. The lower curve ghows
the spectrun of £=4,097 ..iz and the upper curve, f'= 2f
=3,195 h.z. At the magnetic field where the strongly
enhanced emission is seen on the lower curve, the week
emission is also observed on the upper curve. Here,
Vb=6uo v, Ib=5 A and Id=150 LA

Fig. 10 Ine magnetic field, f_ /’f, where the enhanced emission
is observed, is plotted as a function of the discharge

current 1., for the cases of f=4,097 and f'= 2f= 9,195

d’
srz, respectively. Hare, vb=4?o V and Ib=2'2 mA.

Fig. 11 wenhanced emission powsc I, //Phs near fc// {= 1,/'2,
is plotted as a function of the discharge current I,
for the cases of f=4,097 and f'= 2f= 8,195 uillz réspectivelyQ
dere, Vb=420 V and Ib= 2.2 WA,

- 7 . : : N - - .

Fig. 12 4inhanced emission power r’e/PnS near fc//1f 1//'33 is

plotted as a function of the beam velocity |/ Vﬁ'}‘{bg

the cases of £=4,097 and f'= 2f= 8,195 iiHz respectively:

Here, Id= 130 mA,
Fig. 13 Dispersion curves. The instability is expected to
occur in the regions of shadow. dere, X =0.05,
M) /Vthz‘:j i X =99
Fig. 14 The growth rate a}i ///a)r near the cyclotron harmonics
W= n (). is plotted as a function of plasma density
> _
(W, /) dere, X\ =0.05, vO/ v,p=25 and



rhoto.

1

20

‘he enhanced ewissions for both cases o1 r=4, 100 idiz
and f'= 2f= 3,200 Ldz are observed simultanuously

on the shynchroscope. The upper and lower traces
chow the emission powers for f' and f respectively.

For both traces, tne pulsed emissions occur at the same

time. SWeep; 1J/Asec/ div. fc/ f =~ 1/2o
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