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Strong Submillimeter Radiation from Intense

Relativistic Electron Beams

V. L. GRANATSTEIN, M. HERNDON, R. K. PARKER, axp S. P. SCHLESINGER, SENIOR MEMBER, IEEE

Abstract—Radiation from an intense relativistic electron beam
at submillimeter wavelengths has been measured with bandpass
and high-pass filters. Radiated power ~100 kW has been measured
in the passband 390-540 um. The generation of this radiation de-
pends on giving the electrons a large energy component transverse
to the magnetic field. Coherent wave generation mechanisms which
may account for the observed radiation are discussed.

I. INTRODUCTION

URING the early 1960’s rapid advances in high-

voltage and pulsed-power technologies led to the
development of high-current relativistic electron ac-
celerators [11-[4]. These accelerators are now capable of
generating beam power levels > 102 W for pulse times
of 10-100 ns. The unique capabilities of these systems
has stimulated intense interest in such diverse areas as
material response [57], plasma heating [6],[7], high-
energy short-pulse lasers [8], collective ion acceleration
[97], and the generation of high-power microwave and
submillimeter wave pulses. The present paper is concerned
with this latter topic.

A. Intense Relativistic Electron Beam Technology

These electron accelerators typically incorporate four
major components: an energy storage circuit, a pulse
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forming network, a low-inductance switch, and a cold-
cathode diode. The accelerator employed in the present
microwave studies is pictured in Fig. 1. Initially, energy
is stored in a Marx generator, a circuit in which the ca-
pacitors are charged in parallel but discharged in series.
The Marx generator is switched to pulse charge a pulse
forming network which in this case takes the form of a
coaxial water Blumlein [a folded transmission line with
deionized water as the dielectric medium (e = 80)7]. The
Blumlein is connected in series with a tapered coaxial
transformer which increases the voltage at the diode load.

An overvolted water switch terminates the inner co-
axial conductor within the Blumlein. When the Blum-
lein is charged to the desired voltage, the switch closes
and a square voltage pulse of 60-ns duration traverses
the transformer and is finally applied to the cold-cathode
diode [10],{11] which terminates the line. The diode
then responds by accelerating an intense electron beam to
relativistic energies. This beam propagates along magnetic
field lines in an evacuated drift tube where the beam-
wave Interactions of interest take place.

B. Microwave Emission from Intense Beams

Powerful microwave emission from this type of beam
was first reported by Nation [127] who loaded the drift
tube with a periodic structure. Several research groups
[137-[157] have followed up on this work with periodically
loaded drift tubes and a 10-percent efficiency for con-
verting beam energy into microwave energy has recently
been reported [15].

Other experimenters have not loaded the drift tube
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Fig. 1. Accelerator for producing a pulsed intense relativistic electron beam.

with slow wave structures but instead have relied on pro-
cesses involving beam cyclotron instabilities. These in-
stabilities require large electron energies transverse to
the applied axial magnetic field (B.), and various arrange-
ments have been used to produce this transverse energy,
viz., a periodie ripple in B, [16]-[18], a rising B, at the
cathode [197], passage of the electron beam through a
thick scattering foil [207], and having the beam encounter
a very sharp nonadiabatic decrease in B, [217].

The coherent cyclotron radiation produced in these
experiments is driven only by the transverse energy of the
beam which is a fraction of the total beam energy, and so
efficiency of converting total beam cnergy to microwave
energy is inberently lower than in the slow wave experi-
ments. However, relativistic electrons can emit strongly
at the harmonics of the electron cyclotron frequency as well
as at the fundamental so that a coherent radiator may have
an extensive frequency spectrum [227.

The results of Friedman and Herndon [167] gave the
first, experimental indication of the extensive nature of the
radiation spectrum from an intense electron beam with
large transverse energy. Their measurements of simultan-
eous emission in various wavebands extending from 7 to
90 GHz are tabulated in Table I. The experimental con-
ditions for Table T were B, = 5.5 kG, diode voltage
Vp = 625 kV, and diode current Ip = 15 kA. These
beam parameters are a modest example of the beam powers
available from existing accelerators, and radiated power
levels as large as 1 GW in X band have now been measured
[18] using a more powerful beam (Vp = 3.3 MV, Ip =
80 kA).

II. EXPERIMENTAL STUDY OF RADIATION
AT SUBMILLIMETER WAVELENGTHS

The first attempt to extend the microwave measure-
ments into the submillimeter regime was made by
Friedman and Herndon [237] using their 625-kV accelera-
tor. We were unable to reproduce their result of 1 kW of
transmitted radiation through a high-pass filter in the
form of a metal mesh with a 25-um period and a 1-cm?
area, and believe that there may have been leakage of

TABLE 1
Frequency band Radiated power
(gigahertz) (megawatts)
X hand (7-13) 210
K, band (14-22) 320
K. band (22-40) =8
W band (60-90) 22

radiation around the mesh holder in the original experi-
ment. On the other hand with a larger accelerator voltage
~2 MV, we were able to measure significant levels of
transmitted power through coarser filters with mesh peri-
ods in the range of hundreds of microns, Furthermore, by
using bandpass filters in addition to high-pass mesh filters,
some information on the spectral distribution of the sub-
millimeter radiation has been obtained.

A. Apparatus

The experimental arrangement which was used to
search for the submillimeter radiation is shown in Fig. 2.
A thin annular electron beam (OD = 3.6 ¢cm, thickness =
2 mm) was guided down an evacuated drift tube by an
externally applied magnetic field. The magnetic field was
rippled by a periodic structure of iron and aluminum rings
inserted inside the solenoid (ripple period I, = 3.8 e¢m),
and this rippling enhanced the electron energy transverse
to the axis. The conical antenna and the microwave ab-
sorber minimized reflection of the powerful radiation at
centimeter and millimeter wavelengths.

The submillimeter radiation was measured with a pyro-
electric detector having a sensitivity of 2 X 10—¢ V/W

LUCITE
WINDOW

MICROWAVE ABSORBER

FILTER
PYROELECTRIC
DETECTOR

ELECTRON
BEAM
CATHODE CONICAL ALUMINUM

ANTENNA  FOL

STRUCTURE

Fig. 2. Experimental configuration for detection of submillimeter
radiation.
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TABLE II -
Bandpass filters High-pass filters
(micrometers) (micrometers)
390-540
200-300 287
50-90 50

and a risetime of 5 ns. The filters placed in front of the
pyroelectric detector were of two types. First, three band-
pass filters were used which were similar to those reported
on by Varma and Moller [24]; these filters have a sharply
defined passband. Secondly, two high-pass filters were
used which consisted simply of metal meshes. The half-
power points for all these filters are listed in Table IL

Care was exercised to minimize any leakage of radiation
when mounting these filters in the metal pipe leading to
the pyroelectric detector. A filter holder was designed to

make tight knife edge contacts both with the filter body -

and with the pipe. A noise level was established by re-
cording the pyroelectric signal with a solid piece of metal
mounted in this filter holder.

With these filters in place, one at a time, the axial mag-
netic field B, and the diode voltage were scanned and the
signal on the pyroelectric detector was monitored. Mag-
netic field was varied over the range 4-16 kG. Diode
voltage ranged from 0.7 to 2.6 MV. Diode current changed
roughly in step with the voltage with diode impedance
being 60 Q. ’

B. Eaxperimental Resulls

A detectable signal was observed through the 390-
540-um bandpass filter for Vp > 1.5 MV. This signal
- increased with Vp, and at Vp = 2.6 MV the power trans-
mitted through the filter with its 1/2-in’ diameter was

220 W. This implies power levels of ~ 4 kW in the 2-in- -

diameter pipe leading to the pyroelectric detector, and
~ 100-kW total radiated in-band power in the 12-in-
diameter conical antenna. The time resolved signal on
the pyroelectric detector is shown in Fig. 3 where it may
be compared with the diode voltage and current pulse
shapes. ‘ '

It was only near the maximum value of Vp = 2.6 -

that some signal could also be seen through the 200-300-
pm bandpass filter and the 287-um high-pass filter. No
significant signal level was observed through the two
smallest wavelength filters. Also, no signal was observed
for any combination of filter B, and Vo when the ripple
structure was removed.

The most extensive data were obtained with the 390—
540-pm filter and are presented in Fig. 4. Here detected
power is plotted as a function of axial magnetic field B,,
with diode voltage Vp as a parameter. Note that the value
of B, where peak emission occurs rises with the diode
voltage.

Finally, in a separate experiment, the longer wave-
length microwave radiation was measured using previously
established techniques [16]. The measurement was made

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, DECEMBER 1974

(b)

(e)

Fig. 3. Time resolved signal pulses. (a) Diode voltage. (Peak volt-
age = 2.6 MV; 40 ns/division.) (b) Diode current. (Peak cur-
rent = 43 kA; 40 ns/division.) (¢) Radiation passing through
390-540-um filter as recorded on pyroelectric detector. (Power
averaged over pulse time = 220 W; 50 ns/division.)
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Fig. 4. Submillimeter power versus B. (bandpass 390-540 wum;
filter aperture diameter = 0.5 in; each experimental point is an
average over several shots of the accelerator.)

for the same experimental conditions that produced the
strong submillimeter radiation, viz., Vp = 2.6 MV and
I, = 3.8 em. In Fig. 5, the radiated power in the various
wavebands extending from 4 to 40 GHz are plotted versus
B.. This specific knowledge of the longer wavelength
emission should be useful in attempting to understand
the source of the submillimeter signal.

ITI. DISCUSSION

A. Coherent versus Incoherent Radiation

The preceding measurements implied that with a 2.6-
MYV accelerating voltage absolute power in the 390-540-
um band was on the order of 10° W. One may estimate the
expected level of incoherent radiation by taking the prod-
uct of the single-electron cyclotron radiation power in
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this waveband and the number of electrons in the beam;
the result of such a calculation is an incohererit powér
level of ~ 800 W. Hence, the present subniillimeter
measuremerits apparently cannot be explained by a single
particle incdherent process, and ohe must invoke eollective
mechanisms. '

B. Dependence on Energy Transverse to B,

An outstanding feature of the data in Fig. 4 is that the
value of B, where peak emissioh oceurs rises with diode
voltage. This rise takes place in such a way that at the
peak of each curve the relativistic electron ¢yclotron fre-
quency w. remains constant, viz., at each of the three
peaks in Fig. 5.

Wee = €B,/ymo = 27 X 9 GHz (1)

where ym, is the relativistic electron mass. As Vp rises,
the increase in B, at peak emission is compensated for
by the rise in the relativistic factor ».

At w,/2r ~ 9 GHz, there is a resonant interaction
between the cyclotron motion of the electrons and the
magrietic field ripple, i.e.,

Wee/ 2 R Vz/lr

where V', is the axial component of electron velocity. Such
a resonant interaction results in a conversion of streaming
electron energy W into energy transverse to the magnetic
field Wi [27]. Previous nieasurements [19.] have shown
" that this conversion i§ so strong that (V.2) = (V2.
The existence of the submillimeter radiation is evidently
tied to the existence of a large W .. ‘

C. Some Possible Models for Coherent Radiation

Although the existence of a large W1 has been estab-
lished, the details of the electron distribution funetion
remain a mystery. Two extreme possibilities are shown in
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Fig. 6. In Fig. 6(a), the transverse eleetron motion is well
ordered. All electrons have virtually the same value of
transvetse momentum Pi and the width of the distri-
bution (thermal spread) is small. In Fig. 6(b), the trans-
verse energy is completely thermalized. The particular
mecharism which cah give rise to the submillimeter emis-
sioh will depend on whether Fig. 6(a) or (b) is closer to
the true situation.

1) Coherent Radiation at the Cyclotron Harmonics: If
Fig. 6(a) is close to the truth, then instabilities can arise
which are driven by the free energy due to population
inversion (8f/dp. > 0). In the beam frame, such in-
stabilities excite waves at harmonics of the cyelotron
fréquency, viz., w = 7w, In the laboratory frame, the
frequency will be determined by the intersection of the
cyclotron harmonic beam modes with waveguide modes
of the metal drift tube. The process is illustrated in F ig. 7.

Growth rates and saturation power levels Have been
calculated for both the interaction involving the funda-
mental cyclotron beam mode [28] and for the first few
harmonics [29], and have been found to be large. A good
part of the radiation at the longer microwave wavelengths
has been attributed to this process [13].

However, there is some question as to whether this co-
herent cyclotron hatmonie radiation could produce emis-
sion at submillimeter wavelengths with required harmonic
number of n 2 30. Bekefi ef al. [227 have pointed out that
the largest harmonic number for which wave growth is
possible will be limited by thermal Doppler broadening of
the radiationi as given by ‘

n < (Ae/e)= (3)
f f
P, f,
(a) (b) )
Fig. 6. Two examples of electron distribution in perpendicular
momentum.
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where Ae/e is the fractional spread in the distribution of
electron energies. Even if the distribution funetion in
the present experiment is relatively sharply peaked as
Fig. 6(a), it is doubtful whether the peaking could be so
sharp as to make Ae/e as large as 30.

2) Temperature Anisotropy: If the situation in Fig. 6(b)
holds, then there-is no population inversion and eoherent
cyclotion harmonic radiation will iot be excited. Howevet,
a different class o. instabilities can arise which are driven
by the free energy in the temperature anisotropy (71 >
T\). Such instabilities excite waves which propagate
parallel to the magnetic field. The question of whether
this frechanism can account for the submillimeter radi-
ation is currently under investigation [30].

3) Stimulated Parametric Scattering: Still another mech-
anism which could lead to submillimeter radiation has
been suggested [23]. Microwaves generated by either of
the two processes just described could interact with a
second group of beam electrons to produce both a plasma
oscillation in the electron beam and a scattered electro-
magnetic wave [317]. The scattered wave eould have its
frequency enhanced over the incident frequency due to
Doppler shifting by a factor of several times (1 —
V12/¢*)~1. If this second group of electrons participating
in the stimulated scattering has not had an appieciable
fraction of its energy converted to W, then V/c for
this group could approach unity and the enhancement
factor could be large. )

For example, it may be seén from Fig. 5 that strong
microwave emission occurs inh K, band (f= 20 GHz).
Upconversion to the submillimeter regime would require
(1 — V) 7¢®)~1 2 10; this requirement is attainable in the
present experiiment. An analysis of scattering cross sections
ig in progress [32]. -

IV. CONCLUSIONS AND RECOMMENDATIONS

Submillimeter radiation from intense relativistic electron
beams has been observed under conditions where the
electrons are given large energy transverse o an applied
magnetic field ; the power level of the radiation (~ 10° W)
mplies that a coherent mechanism is involved. Several
possible mechanisms have been suggested and work is in
progress to calculate growth rates and saturation power
levels [297,[307,[32]. Further experimental work is
planned both at the Naval Research Laboratory and else-
where [337 to obtain data that will better distinguish
between the possible mechanisms and that will more pre-
cisely define both the spectrim and the total radiated
power in the submillimefer regime.

- Finally, it should be stressed that the present result
should not be taken to represent the ultimate submilli-
metér power levels which might be produced with an in-
tense relativistic electron beam. An analysis of power
limiting factors, such as RF breakdown at the generator
walls, predicts that these factors will not be important at
submillimeter wavelengths until power levels of ~ 10 MW
are reached. Further studies should include using a much
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larger value of B, to obfain a lower cyclotron harmonic
number in the submillimeter regime, and improving the
conversion of W, into W ..
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Josephson Junctions as Heterodyne Detectors

Y. TAUR, J. H. CLAASSEN, anp P. L. RICHARDS

Abstract—Heterodyne detection with a point-contact Josephson
junction has been investigated both experimentally and theoretically.
The measured performance of the device at 36 GHz is in good agree-
ment with the theory. By operating vanadium point contacts at
1.4 K, we have achieved a single-sideband (SSB) mixer noise tem-
perature of 54 K with a conversion gain of 1.35 and a signal band-
width on the order of 1 GHz. From our results we can extrapolate
a potentially impressive performance for these devices at submxlll—
meter wavelengths.

I. INTRODUCTION

OSEPHSON junctions have long been considered

promising as sensitive detectors of microwave and
far-infrared radiation [17]. The principle of detection with
Josephson junctions relies on the fact that the relation
between the current and voltage for an ideal Josephson
element [2] is highly nonlinear:

1(6) = I sin [2ﬁ / V() dt’] (1)

An element satisfying this equation can be thought of as
a lossless nonlinear inductor, which is generally useful
for high-frequency device applications.

We have studied both experimentally and theoretically
the use of point-contact Josephson junctions as heterodyne
detectors with an externally applied local oscillator (LO).
In this mode of operation a small signal is mixed with a
relatively large LO signal in the junction to produce an
output at a difference frequency much lower than the
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signal frequency. The experiments were performed with
superconducting point contacts since they have a higher
impedance and can be efficiently coupled to conventional
waveguide modes more easily than other types of Joseph-
son structures. )

II. THEORY AND SIMULATOR CALCULATIONS

It bas been demonstrated that most of the properties
of a point-contact Josephson junction can be understood
in terms of the resistively shunted junction (RSJ) model
[37, [4]. The model assumes that a real junction is equiva~
lent to an ideal Josephson element defined by (1) in
parallel with a constant resistor R. Although the product
RI. varies over a considerable range among different
junctions, it has an upper limit given by the energy gap
of the superconducting material from which the junction
is made [5]. This product gives an intrinsic frequency

= (2e/fi)RI., which scales the important features of
the RF response of the junection. -

When a sufficiently large amplitude LO is applied to a
Josephson junction, the zero-voltage current of the junc-
tion is suppressed and current steps appear on the static
I-V curve of the junction at Vi, = nfiwro/2e, as shown
in Fig. 1(a). The variation of the step heights with LO
amplitude depends on the normalized frequency Q =
wro/w.. Fig. 1(b) and (¢) shows the nature of such varia-
tions for the zeroth and first steps in the case Q = 0.16.
If a small signal whose frequency w, is close to wro is
superimposed on the LO, the result is, in cffect, an ampli-
tude modulation of the LO at the intermediate frequency
(IF) | o | = | ws — wro | K wro. We can therefore predict
the IF output from a series of static -1 curves for various
LO levels in the vicinity of that chosen to drive the junc-



