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The resul ts  are given of an exper imental  study of the microwave radiation f rom a powerful re l -  
ativistic e lectron beam in a longitudinal magnetic field. The design and the charac te r i s t i c s  of 
the bandpass microwave f i l ters  used in the analysis of the radiation spec t ra  are described.  Ra-  
d i a t i onspec t r ahavebeen  obtained for  different values of magnetic field. It is shown that the ob-  
served radiation is in fact cyclot ron radiation f rom the beam. The reasons for the high rad ia -  
tion intensity are discussed.  

It has been repor ted  [1-3] that powerful microwave radiation is produced when a beam passes  through a 
vacuum in a magnetic field. In this paper we study the spec t rum of this radiation. The experiments  were 
ca r r i ed  out on the "Inar" apparatus.  

A 1 -MeVe lec t ronbeam with a current  of 10 kA and a d iameter  of 2.5 cm was injected into the drift 
chamber  along a s t rong magnetic field H=3-12 kOe. The length of the chamber  was 230 cm, the diameter  
11 cm, and the res idual  p re s su re  10 -8 mm Hg. The diode current  reached 10 kA but as a result  of e l ec t ro -  
static suppress ion [n the space charge the current  in the drift chamber  did not exceed 3 kA (in our  geometry  
this value cor responds  to the c r i t i c a l cu r r en t ) .  In contrast  to [1, 2], the beam was injected into a glass cham- 
ber  placed in a homogeneous magnetic field ra the r  than into a special ly shaped waveguide. 

The microwave radiation spec t ra  were analyzed by means of bandpass f i l ters .  Figure I is a d iagram 
of the exper imental  apparatus,  of one microwave channel, and of the record[ng unit. The radiation received 
by the horn antenna (A) is fed to the f i l ter  input along an extended waveguide through the directional  coupler  
(DC) which acts as a stepwise attenuator.  The fi l ter  consists  of two cutoff waveguides (CW-1 and CW-2), two 
matched loads (ML), and a double T-junction (DT). The f irs t  cutoff waveguide passes  frequencies above f~ = 
o/2al~ where a~ is the width of the wider wall of the waveguide. The part  of the spec t rum which is passed 
through this waveguide goes to the double T-piece .  Here the signal is divided, half of the power being ab- 
sorbed by ML-1 and the other  half being fed to CW-2 in which the width of the wider wall a 2 is smal le r  than 
a~. Frequencies  f >f2=c/a2 are absorbed by ML-2 and the frequencies fl <f<f2 ref lected f rom CW-2 pass to 
the fourth a rm of the double T-piece  and are fed through the cal ibrated attenuator (AT) to the detector  (D). 
The dimensions of the cutoff waveguides were chosen so that the half-power bandwidth of the fi l ter  was ~2-4  
GHz. The frequency charac te r i s t i c s  of one of the f i l ters  is shown in Fig. 2. The attenuation inside the pass -  
band is 10 dB and there  is a 30-dB suppress ion of frequencies outside the band. Four  such fi l ters were used 
in the experiment ,  with the following frequency ranges:  8-12, 14.5-17.5; 21-23, and 32.5-34.5 GHz. 

The envelope of the microwave signal is fed to the mixer  (Mx), which also receives  the signal f rom the 
other  channel after it has f irst  passed through the delay line (DL) (r~100 nsec). After the mixer,  the signals 
are amplified and fed to the input of an osci l loscope.  In this way it was possible to observe on the screen  of 
the DI~SO-1 double-beam osci l loscope the radiation received in four microwave channels simultaneously.  

After each ser ies  of experiments  the attenuations in all the channels were measured  and the sensi t iv-  
ities of the detectors  and recording circui ts  were cal ibrated.  The fi l ters,  the delay lines, the mixers ,  the 
amplif iers ,  and the osci l loscope were placed in a second room at a sufficient distance f rom the beam appa- 
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ra tus  te  e l iminate  e l ec t romagne t i c  noise and the effect  of x - r a y  radia t ion en the semieonduc tor  mic rowave  
de tec to rs .  

Strong radia t ion was r e c o r d e d  e v e r  ~he en t i re  f requency range of 8-35 GHz. It can be seen  f r o m  Fig. 3, 
that  for  a fixed value of the magnet ic  f ie ld the  radia t ion s p e c t r u m h a s  a c l e a r l y  defined max imum.  As the m a g -  
netic field is i nc reased  this  m a x i m u m  shif ts  towards  higher  f requenc ies ,  and the re  is a l inear  re la t ionship  
between the f requency fmax and the value of the field (within the l imits  of expe r imen ta l  e r r o r ) .  

The cyclot ron f requency of a r e l a t iv i s t i c  e l ec t ron  in a l abora to ry  s y s t e m  is 

/He = ( l /2n)(eH/me)( l /y)[ ' l / ( ' l  - -  (vl /c) cos 0) J, 

where  ~/= ( 1 - v 2 / e 2 ) - J  2 is the r e l a t iv i s t i c  factor ,  v is the to ta l  veloci ty ,  vii is the component  of this  veloci ty 
along the magnet ic  field, and 0 is the angle between the d i rec t ion  of motion and the radiat ion direct ion.  In the 
expe r imen t s  the radia t ion was r e c o r d e d  pe rpend icu la r  to the beam and along its direct ion so that cos 0 = 0 
and 1. Knowing the value of the magnet ic  field, fmax(O =7r/2) and fmax(0 =0), we can find T and vii . When 
H=5.5  kOe, fmax(0 =7r/2) =12 GHz and fmax(0 =0) =33.5, and this gives y = l . 4  and v[[=0.7c. These  values  of 

and vii are  in good agreement  with those  found by o ther  methods and quoted in [3]; We can t he re fo re  conclude 
that  the m a x i m u m  in the radia t ion s p e c t r u m  co r r e sponds  te  the fundamental  of  the cyclotron frequency.  

It is to be noted that  the intensi ty of  the radia t ion rece ived  at 0 =0 ~ is about an o r d e r  of magnitude s m a l l e r  
than for  0 = 90 ~ The power  rece ived  in the di rect ion pe rpend icu la r  to the beam was e s t ima ted  with due al low- 
ance for  the po la r  d i ag ram  of the horn antenna. The r e su l t s  show that at the f requency fmax the radiat ion in 
the given direct ion f r o m  unit volume of the beam p e r  unit sol id angle is ~"102 W, while the to ta l  intensi ty of 
the radia t ion f r o m  individual e l ec t rons  in 1 cm ~- volume is N10--T W according to the Schott equation [4]. In 
our  e x p e r i m e n t s  the beam was propagat ing  p rac t i ca l ly  in f ree  space  (large vacuum chamber ,  homogeneous 
magnet ic  field) and so the powerful  radia t ion cannot be explained by the p re sence  of a high-Q r e s o n a t o r  in the 
sy s t em.  Thus,  the beam i t se l f  must  be the cause of this  v e r y  intensive radia t ion.  

I f  the beam contains densi ty  i r r egu l a r i t i e s  with a l inear  s ize  s m a l l e r  than the e lec t ron  gyro  radius  r i le ,  
it is poss ib le  to get coherent  radia t ion with an intensi ty  which is some r3Hen b (Anb/nb)z t i m e s  g r e a t e r  than 
the level  of  the incoherent  radia t ion.  

Sma l l - s ca l e  dens i ty  i r r e g u l a r i t i e s  could be caused  e i the r  by the way the b e a m  is produced (microexplos ive  
cathode emiss ion)  or  by beam instabi l i ty  (if a supe re r t t i c a l  b e a m  is injected, for  example) .  However,  the 
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wide s c a t t e r  in ve loc i t ies  A v •  v in the beam would mean that  density i r r egu l a r i t i e s  would be s m e a r e d  out 
a f te r  a few cyclot ron revolu t ions .  It thus appears  that  the i r r egu l a r i t i e s  must  be se l f - sus ta in ing ,  i .e.,  there  
must  be an i r r e g u l a r i t y  which produces  a modulat ion in the density.  

In o r d e r  to study ef fec ts  caused  by the injection of a s u p e r c r i t i c a l  cu r ren t  we c a r r i e d  out m e a s u r e m e n t s  
with I < Ic r .  Since the c r i t i ca l  cu r ren t  in a vacuum [5] depends only weakly on the beam radius ,  it is always 
poss ib le  to get a cur ren t  below the c r i t i ca l  va lue 'by  reducing the to ta l  cu r ren t .  The cur ren t  was l imited in 
radius  by means  of a graphi te  d iaphragm.  When this was done the f requency  fmax (~ = ,Z/2) d e c r e a s e s  by a fac tor  
of 1.5; this  co r r e sponds  to an inc rease  in y to a value of 2. The radia t ion intensi ty r ema ined  a lmost  constant.  
Thus,  the high radia t ion intensi ty  is not r e la ted  to a s u p e r c r i t i c a l  cu r ren t .  It s e e m s  that in a magnet ic  field 
the re  may be an instabi l i ty  in the beam i tself  which develops at the cyclot ron f requencies  as a resu l t  of the 
anisot ropy of the dis tr ibut ion function in the beam sys t em.  However,  this  suggest ion r equ i r e s  fu r the r  study. 

In conclusion,  the authors  wish to e x p r e s s  the i r  grat i tude to D. D. Ryutov and B. N. B re i zman  for  f ru i t -  
ful d iscuss ion and in te res t  in this  work,  and V. S. Koidan and V. V. Konyukhov for  valuable advice and a s s i s -  
tance in c a r r y i n g  out the expe r imen t s .  
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