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As 18 known, the problem of building a sufficiently powerful and reliable
oscillator ®or microwaves of & given spectral coumposition in the wave length
range A = 0.01-1 cm has not as yet been solved. :

Klystrons make it possible to obtain waves with A~ 1 cm, but further
decrease in wave length 1s limited by the necessity for still further decrease
in the dimensions of cavity resonstors whose volume, generally speaking, is
~- A% ; but this decresse also leads to a drop in power. However, combin-
ing klystrons with crystal detectors, vhich permit frequency multiplication
because of their nonlinearity, does meke it possible to work in “he millimeter

range [[- -]77 , but not lower. Sirgle-anode magnetroas permit propagating
2/ w

waves ith frequencies less than
eH 7. — E7c o 7.10%
wy="gz -2 17610 H, A= Tyl L ; .

Even in a very strong field (E - 3~lO!“ guusses) )\0=3.56 mm, so that it is ;
impossible to get wave lengths below a few millimeters by this method. Oscil- :
lations with higher frequencies can be obtained in magnetrons with split anodes,

but even here the practical limit of the wave length is A = 1 mm. Thus, the

methods of generating radio waves now in use cannot go lower than the milli-

meter range or even, in general, the centimeter range. .

Infrared spectroscopic methods can trace the wave-length spectrum of &
mercury-quartz lamp up to A = 0.04 cm [ 3__7. The spectrum of & mass radia-’
tor extends from )\ = 0.0l cm to centimeter waves [P __7. However, in view of
the extremely small power and for many other reasons, the usefulness of a mass
radiator, even for laboratory purposes, is very limited. (There has, undoubt-
edly, been & lag in studying the properties of substances in the micro-wave
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field compared with the technical possibilities of generating these waves.
Research on the behavior of su erconductors in the millimeter wave range are
of great scientific interest 5_7. However, Jjust recently 6 / measure-
ments have been mede with A = 3 cm. Meanwhile, 1t is obvicusly possible to-
determine the coefficlent of reflection of a superconductor <for the whole -
range which interests us by using a mass radiator; in any case, by employing
modern methods such measurements are feasible for A= 1 cm.)

The purpose of this article is to discuss certain unexploited possibili.
ties of generating microwaves ( A = 1cm). Section 1 discusses the prob-
lem of exciting molecular spectra lying in the microwave range. The study
of microwaves as & result of employing relativistic electrons is treated in
Sections 2 and 3. Sections 4 and 5 investigate the possibility of studylng
nicrowaves by means of nonrelativistic electrons moving near & dielectric.’

Section 1

The rotation spectra of the mejority of molecules lie in the range of
microwaves; therefore, & "tube" in which the rotation level of the molecules
is somehow excited will be a source of radio radiation. The energy radiated

by such a tube in & second equals

_—? z
Fytam — 2 A2 ) TR 28 4 0 | P N, 72
U=%_‘ Pram| Ny 22 0.78:10 “v7nm | N 7

_—+ z
13 Prnm N
c == ( .3:/0 ;[4')1 1 ”n ’

where 1/77 m Anmis the radiated frequency; |,D-,,_;" 2 the square of the natrix
element of the dipole moment corresponding to the investigated transition

n — m; and N the number of excited molecules (molecules on the level n)

L 2,?._7 J
—_— 2 2
The magnitude |Puwm| "~ Py where pg ie the constant electrical dipole
moment of & molecule, for instance in the case of a simple rotator />

is equal to
> 2,2 J2 2h
] = e =2B,J=
‘PJ,J’ | =5 ey T o 57277’

where J—b— ig the moment of the amount of rotor movement, J =0, 1, 2, 3, «.v)
for the transition AJ = X1, that is, n = Jand & = J-1; I is the moment of
inertia of the rotator, Since Pomm—;a ,

U~ 10”32 Nn (2)
A4 .

At room temperature, molecules are found on many rotation levels and
various transitions take place all the time. Of course, in the presence of
thermal equilibrium, the tube with molecular gas radiates as much energy as
it sbsorbs from its surroundings. Therefore, Ny in (1) and (2) must be es-
sumed to be the excess number of molecules compared with the number during
thermal equilibrium with the gurrounding medium. Because of the expansion’
of the pressure lines in the tube, 1t i scarcely possible to obtain & higher-
+than-atmospheric pressure; under these conditions, increasing the number of
molecules on excited levels by means of‘l}}eating or sny other method will
hardly permit making N greater than 10" per cubic centimeter.  Thus, it is
reasonable to assume that, for all tubes, N <= 1018, 1In this event,

U ~~10~* erg/sec when22 = 1 cm; U~~L erg/Bec vhen 2 =1 um and U -~ 10"
ergs/sec when A = 107° cm = 100 microns.

We can see that in the range which interests us, where A > 100 mic-
rons, radiation of microwaves through excitation of molecular spectra can-
not lead to powers greater than thousandths of a watil; we can speek only of
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microwatts, or less, when A 2 1 mm. Buch powers are, obviously, of in-
terest only for laboratory purposes. Radiation of microwaves by molecules,
in particular, can be used as an ideal frequency standard for centimeter,
and shorter, waves where very exact measurements and stabilizatior of fre-
quency would be difficult. Frequency stability for molecular radiation, or,
more- precisely, for the frequencies of maximum intensity of a rotational
line possessing some width, is ideal. Of course, molecular spectra can be
used as a standard not op® ~ by "receiving" the radistion of molecules but
also by ebsorbing them; . ,r exemple, if gas is placed in an "endovibrator”

cavity resonator ?_7, when the oscillation frequency coincides with ¥y,
for gas molecules, the damping factor of the system increases abruptly.

Section 2

The most interesting and promising method of generating microwaves is
pased on utilization of fast-moving radiators. As we know, if there is some
system (an atom, antemnna, or oscillatory electron) rediating (in the system
of coordinate axes in which it rests) electrc-magnetic waves with a frequency

Y, , a Doppler effect will occur vhen the system moves and 1t will radiate’

frequencies .
v(6) = W VI-B* -
| — ﬁ cnS 6 (3)

where ﬁ==%i V is the velocity of the system; 4 , the angle between —{/)
and the direction of observation.

When the radistor speed is great, energy will be radiated chiefly in a
forward direction, and ¥y = ¥, .

Form the general viewpoint, the simplest method of using the Doppler ef-
fect for frequency "multiplication” 1s ae follows: en electron, moving at
high speed, is placed in en electric field which forces it to oscillate in &
direction perpendicular to its velocity (ve introduce the latter hypothesis
only for greater definiteness) [ 10_7. Let the electron move along the
y-axis with a velocity y= }30 ; moreover, in the direction of the x-axis,
lec there be an electric field E = Eocos w, t, oscillating the electron in
the direction of x-axis (Figure 1). Then, by virtue of the Doppler effect,
at an angle O to the velocity, the electron will radiate frequencies (it is
easy to see that the factor \/ 1= ng does not appear in this case):

o
w(e) /—‘ﬁoos = ’ (l&)

When =0 a.ad—,;,‘:,?z“ \/_ITJ_B_Z >> 1, we have

w(t, — 7‘1’)’3 22 2w, (_9%7)2 Ao)= 275 = 329_(33/9_)
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Figure 1

Thus, an electron oscillat in the described manner will "convert”
the frequency, increasing it 2 W) times when & = 0 (for example, when

W - e
@2 - 10, f.eq W = 5 MeV, osckllations with A = 20 cm are converted into

rediation with A = 0.1 cm).
The intensity of radigtion in the solid angle d ) equels
g@)_ 2.2- f(1=Bcoss) -s,nZecoszwr—,BZ)}dn
EmPBed(1—-Beos 8)F (6)

where Py = exo is the amplitude of the electrical moment produced by the field
E and is eqiml to the electron charge multipliéd by the amplitude of its dis-
placement along the x-axis; 7 the path traversed'by the electron; P the
angle shown in Figure 1.

It is eagy to see that, providing
W N7, ie., 1-BL 7, (7)

e 2
practically all-the radiation will be concentrated in smell angles, less than

~ VE(=B) = =% (®
The total radiated enegy under condition (7) equals

&= 7:’;5:2(»,02) 3 (=) Hf‘ 1ES, (9)

(for the general case,

5_ wit P 2 — w;Po?' 2 S W 4

T 3ReA(1-83)* 3pcd ( me? (9")

where we £ind that by virtue of the equation of motion, when X L v= ﬁc
the amplitude of the elettron's.oscl llation is

"= ﬁ’_ = — ——ﬂ—-c me ) (]_O)
e e, ®
-4 - '
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In order for the above formula to hold good, we must maintain the disparity

%L € A ( 0 ) s (11)
that is, the field E must not be tcc strong.

If we have not Just one electron, but a cluster to which the current J
corresponds, during radiation by all the electrons, independently of each
other, the energy generated in one second will be

U = 5 '—‘GJ:‘—:. /«82 '/0—/2(—7%_2_‘)2502“]-' 2 ¢r93/sec (12) .

where J is measured in ampﬁres, Ep in vglts per cm,  in cnm.
When J - 1072 emp, E, = 10 v/em, 2= 10° cm, and ¥ , _ 10, U = 1.8°10-2

mc
erg/sec; when J = 1073 amp, E = 103v/cn, U = 1.8:107 erg/sec.

It 18 c. ar from the above examples and formulas that no great powers can
be obtained in the incoherent radiation of electrons. To obtain sufficient
power, electrons must be bunched. If the dimensions of the bunch 4 are less
ihet the radiasted wave lemgth A , the electrons forming pert of the bunch
will radiate coherently, that is, the bunch will radiate as a whole, and the
multiple ¥ will appear in (12); where ¥ will be the number of electrons in
the bunch -- an obvious instance of this fact is pointed out by L. I. Schiff
[87. (1£4d <& A, the bunch radiates like a "particle” with a charge
e y , and thus the multiple V2 will appear in (9). Since J z e ¥ N, vhere
N is the number of bunchings per second, the multiple » will be added in (12).)
Utilizing bunching permits a limited increase in power with the same average °
current J. Thus, if J = e o N = 107 amp and'N = 107 bunches fly past ina g
second, ¥ will equal 6-10° and, in the above example, U = 1.8+1072.6.10922 10
erggbec = 10w. When W = 50(W = 25 MeV), U will equal 250w under the same

mc

conditions; moreover, all radiation will be enclosed in the angle 8,~1degree. .

As an example, let us demonstrate the dependence of the radiated energy
latter is sharply limited

on the dimensions of the bunch, assuming that the
and has the form of & parallelepiped with the dimensions a, d, b mlong the
x, ¥, z axes. In this case, we shall have for' the radiation in the direction

lying on the plane y, 2

sin ng Sill¢9) & sin )\Cel cos 6
&=¢ Ellvioki : SR CE)
o Th sin b
208) 5n¢ : 4

where is the intensity of the bunch rediasting as a whole, that is,
7520 sin f £ 1and d , H<KL
P

If individual bunches are found at greater accurately fixed distances
than A , the radiation of these bunches will dlso.interfere. The intensity . ‘
in this case will be determined by the formula Prom*the theory of diffraction ] i
for several slits. If k bunches &re simultaneously present on the path L
at & distance n A (0) from each other (n = 1, 2, 3,+.s), the intensity will
jne-ease k times compared with the case of incoherency in the radiation of
individual bunches. In practice, however, little is gaiped bY deali‘&g with
severdl bunches simultaneously (for example, when N = 10 and 2=10%,
ke IKN=_1 ).

c 30

_ra_
A (Q) cos 8@
when
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Forming bunches is a special, and obviously, a difficult task. Lo far
as fast electrons are concerned, the development of electron accelerator tech-
niques (the betatron, synchrotron, etc. [ 8/) permits us to hope that in the
near future obtaining particles with WA-5 - 25 MeV will no longer be a prob-
lem.

Section 3

In the system examined above, an electron cluster traversing the path 1
must either be lost or turned back with the aid of a special device, for exem-
ple, a magnetic mirror. In many respects, it is more sultable to use, as a
source of radiation, @n electron moving in a circle in a magnetic field H. 1In
this instance, there & no special need of producing oscillations in the elec-
tron about its trajectory, as its peripheral motion is in itself an accelerat-
ing process and hence the electron radiates. Recently, this radiation was
studied in connection with the theory of electron accelerators [8, 9_7.

Under condition (7), per unit of patb the electron radiates energy

- $(a20) e ()

mec2 me 2 s

and after one rotation it radiates energy
g - 47 _e2/ W 4
R 3 R med (15)
c
where R:-a)_a_ = _;dﬁ_ i is the orbit radius.

.

If the strength of the current equals J, the energy radiated per second
will be U= 27 J T 41 2 I_-
O e— = .2 T T e (=] _W_ Tt

A §ramR-L= AT (e2) )y (W )ira

mc

e e,
— . —\?, ’ 3
35107V H #f’i‘ J ergs per sec, (16)
where, in the last term& J 1s measured in eres (H, always in gausses),
When M_ - 10, H - 10* gausses and J » 10”2 amp, U = 350 ergs/sec.
nc2 ‘
The conversion frequency of electrons along the orbit eguals
eH ’mc"-) c 27rc 104 vy
gz e e | = = N o 7. . 1
mc W R )o / )D é/ (mG; ( 7)

In the nonrelativistic case e = ﬁ% , and only this frequercy wy is radiated.
But in a relativistic case all overtones {harmonics) of the frequency wy are
also radiated. Moreover, the radiation is concentrated in the plane of the
' orbit (in the region of the angles determined by formula [ 8_7, and the maxi-
mum intensity is converted [ 9 / into an overtone of the order of _W_’z 3 ,
i.e., to the frequencu 3 N me2\3 _ 104 [ mc2\@ e
) e, () = ™ o
mes /0 en w<eo,pp the Intensity of radia-
tion increases slowly {from &, to dvepe),
but when év >ypp, the intensity drops

sharply.
A It is easy to understand formula
& 8 (18) and to obtain it on the basis

of the Doppler effect discussed in
Section 2. A fast moving electron,

- 6, moving in a magnetic field, is accel-
A"é ~8 erated in a direction perpéndicular to
(4 . .
P -6 - .
Figure 2
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CCApre
. YLURL]

50X1-HUM




- ; : . '
-

Sanitized Copy Approved for Release 201 /08/17 : CIA-RP8-0080900060040656-

A

SECRET
SECRET S 50X1-HUM

the orbit and radiates in a narrow cone (A< €, ) in the direction of its in-
stanteneous velocity; from the viewpoint of & motionless observer at the point P
(Figure 2), the electron radiates only as long as it is on tue segment of the
circumference AB, during which time the arc AB ~— 60 . Thus, the observer sees,
so to spesk, a "flash" with a duration,v-’_e?e =_% . | which is repeated every

Ty period, i.e., with a frequencyw/2 7 . Resolving such & field into a Fourier
series, we obtain all the vertones of he frequency &, with the maxim at a
frequency i @ eff ~;iﬂﬂ, 2~ wy 3 - where the multiple 7_\4,4,-)2

appears by virtue of the fact that tﬁ’éc radiator is in motion (see formula
(5)). In other words, the role of the frequency to, in (5) is played here by '
the frequency lé_-lg, where w, 18 determined in accordance with (17). When_wz- 10,

e N

the maximum will take place at the 1,000th overtone; and when H = 101*, "i’ eff =

10°2cm. In the example discussed above with U = 350 ergs/sec, for the maximum L
overtone the energy will reach Uepgr ™~ 0.3 erg/sec. Util.zation of bunching

with V- 6°109 gives U2=200 kw and Ugrf -~ 200 W, vhereby we assume that a bunch

coherently radiates waves with ~ A > 7 .pp
A »

The advantage of & system with a magnetic field is that, in principle, all
the energy transmitted by the electrons can be used for radiation. However, the
whole frequency spectrum is obtained, and if one is interested in quasi.mono-

chromatic radiation, then in the example cited the efficiency is ~__L s In
R ] 1,000
rectﬁlinea.r “yediation (Section 2) the power of a cluster equals 10-é "5-106 =
5.10*w, Uz 10 w; hence the efficiency =« 1 (the radiation is immediately
5,000

quasi-monochromatic). Further, in the case described in Section 2, all radie-
tion 1s in the forward direction and is distributed in the magnetic field im the
whole orbit plane; for ;!(lj - 10 in this connection ve obtain the multiple 2 7 .60.

Moreover, using a mirror (metal) can change the spectrum and the pattern of athe
radiator's directivity in the magnetic field, but in the case of a rectilinear
~adiator the efficiency can be made to rise sharply by turning the cluster back.
From preceding statements 1t is clear that it is impossible to decide a priori
what type of radiator will be most advantageous -~ the decilslon depends on both

- technical and structural problems and on the obJectives (whether a narrow or
wide spectrum is required, etc.).

Section 4

Geperation of microwaves based on utilization of relativistic electrons is
closely connected with the problem of constructing electron accelerators and with
a number of other unsolved problems. But there is & possibility, at least im
principle, of obtaining these results with nonrelativistic electrons [ 10_7. The
fact 1s that if an electron moves, not in a vacuum, but in & medium with a re-
fractive index n, then Pn will teke the place of B in the formules, i.e., the
relation of the velocity of an electron to the phase velocity of light in the
medium is %. Therefore, instead of (L), let us teke the formule for the Doppler

effect in a medium (see, for exampke, I. M. Frank [11_7):

A(B8) = = . (19)
R — 0. 2
® Further, l’ ﬁ” - I
w(5)=—g“——— ’ 2(9)=20}/—ﬁ77” (20)
WU
vBuy _1__; = O.
i.e., the place of, ;{2 is taken by 2]7-}?%] ; the case where Bn = 0.995 or

pn - 1,005 (if Bn > 1, then, beside the radiation discussed in this paragraph,
the Cherenkov effect will also take place (see Section 5)) corresponds to our
example with W = 10

\
me . _
%, . : -7 - . . .
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0f course, if an electron moves in a medium, it is greatly retarded and
! traverses only & very short path, For this reason, at first glance it would
' seem impossible to make use of the Doppler effect in a medium to generate
microwaves, Thic, however, is not true, since, if an electron moves near a
medium, not in it, at a distance from it which is far less than the radiated
wave length, its radiation will be the same as in wotion in the medium (this
observation was made by Academiciasn L. I. Mandel'shtam; see his-calculations
[127). Thus, an electron can move in & slit between two dielectrics or
simply over a dielectric plate, the surface of which coincidea with the sur-
face xy in Figure 1. For an electron moving along the axis of & cylindrical
channel (in a vacuum channel) with s radius r, when 6 = 0, the intensity of
-radiation will be less than when the channel is absent by the multiple

p= [I., (ZWIV;ZJ'r)JZ s (21)

where Io (x) = J, (1x); Jo is Bessel's zero function.

.- The relationship of p and § = 2 W \/n2 -1 r is evident from the fol-
lowing table: A

§0 081 15 2 2.5 3 3.5 b 4.5
P 1 0.9 0.8 0.37 0,19 0.093 0.042 0.0185 0.0078 0.0033

It is clear from (21) and the table that, when r_g 0.1 _}{_, the channel
has pracically no effect on the intensity. n

If an electron moves in & slit with a widtk h, the intensity of radieticn
»{Een h g 0.1 % is epproximately the same as when there is no slit. When

%here 1is one ®lelectric surface and the electron moves at a distance << é

from it, the intensity of radiation may be several times less than in motion in
a medium (& more precise definition of the proper coefficient requires special
calculation). Covering the surface with a semitransparent, conducting layer
(whose thickness is considerably less than that of a "skin layer") also. weakens
the intensity, but the essentials and the order of magnitude do not change.

Let us give the formulas for the intensity relating to the case of move-
ment in a medium (practically the case of a narrow slit). _Instead of (6); (9),
and (12) we shall have respectively (see I. M, Frank / 11 /):

! . “5(9) o, Pp2rme? {(/—ﬁncn 6)2 sin 29cos 2 (/—ﬁz’njz]d_fl
- A87fc4)3,7—ﬁ'n cos 9’5 (22)
' é: e Po el im _ 1 [e2 )?‘ 2un-E(—B%)
setf (1-pEndr 3 \meE) T gl1-grazz 7 (&)

- sp-12 2m-J-E2(1-B%)
U=182-10""2 %ﬁ(l—ﬁz'nz)/z ergs/.sec (24)

In (24), J 18 measured in amperes, Eo in volts per centimeter. Practically all
radiation is concentrated in angles less than the angle

G~ Vel1—pn| - (25)
Nowadays there are hisg?gg’requency ceramic dielectrics with € up to 60 and small"

losses (tg % < 0.001 . It is true that these figures pertain to much lower
frequencies than those in vhich we are interested. However, it is difficult to
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anticipate /anomalous/ dispersion of £ and tg § wvhen A > 0.001 cm; thus,

ve may assume, as we did above, that suitable materials exist with n =

V E ~ T-8, and without appreciable dispersion. If n » T, pn = 1 when

V « 5,000 eV for the energy of the electrona; if n « 4, Bn = 1 when V = 16keV,
and if n = 2, Bn = 1 when V « 100 keV. fThus, frequency conversion with the
aid of the suggested use of the Doppler effect in a medium may be feasible at
total voltages of some thousands or tens of thousands of volts, but market
relativistic effects would require & million volts, Morecver, the radiation
intensity in the case under (24) is considerably greater than that under (12).
For instance, if as in the example given in Section 2, we assume that in (2h)
Eop = 10%, J = 102 and 7 = 102, and also assume that n « 4 and Bn = 0.995
(for the same frequency change &s when _W? = 10), U will equal 27 ergs/sec, or

me
1,500 times more than in formula (24), Nevertheless, as is clear from this
figure and from formula (24), the existing increase in power is possible only
if bunching 1s used. When ¥ - 6°107 in the example cited, U = 16 kw.

If we assume that Eg = 103 v/cm -- which is also necessary to satisfy con-
dition (11) -- U will equal 160 w. Let us take it for granted that the presence
of & 8lit reduces the value of U to 16 w (this energy is obtained from the gen- s
erator which produces the accelerating field E). Now, if we calculate the ef-
ficlency, relating the radiated energy to the energy of a cluster, in this exam-
ple the efficiency will be equal to 1/10, since the energy of a cluster equals
16+103:2072 = ?éo W, It is evident that the efficiency could be made greater
than 1/10, and likewise, considerably greater than in the examples in Sections
2 and 3. The dependence of intensity on the ‘dimensions of a bunch was deter-
mined by formula (13) (for a bunch in the form of a parallelepiped) substitut-
ing 2, the wave length in a medium, for A . Thus, to enable & bunch to radiate

a :

as a whole, when € = 0, it is necessary to satisfy the cpndition
5 > ; (26)

In practice, the radiation Pf bunched electrons is coherex{t for
j

.%_% d(‘ﬂu;s, when %——-Zd, é’=0'4éa) .

To obtain sufficiently monochromatic radiation, thei:e must be little change
in the magnitude of Pn along the trajectory of the elepfﬁron and this magnitude
must be approximately ider*ical for all electrons in the cluster. The requisite
conditions may prove extremely rigorous;: For example, 1f it be required that the
width of the spectrum A« should not exceed _%.7, the dispersicn of electron energy

1 >
AV must not exceed the following value of AV,;

AV, — [1-RBx] .
' 7’162 - /07’2 . (27) ;
When Bn e 0.995 and n = 4, AVy = 15 eV, i.e., AV = 1073, Here we wish to em- {
v

phasize the fact that when Pn <1, the electrcns ure not retarded (in the direc-
tion y) by radiation, since the radiation reaction is directed along the x-~-axis
and works agulnst the force of the field E. The application of dielectrics for
utilizing the Doppler effect in a medium is, of course, possible not only in the
analyzed rectilinear case but also in the case of an electron's motion in & mag-
netic field (motion on the circumference along a dielectric surface concentric
or parallel to the orbit), :

During motion in a magnetic field, the nature of the radiation will be like
that described in Section 3. To obtain microwave radiation in this case, it is
possible, as in a magnetron, to create an "electron rotor" revolving with con-
siderable speed between two dielectric ‘plates -- an electron cloud, modulated in
density [ 2_7.
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Section 5

The method of generating microwaves stated in Section 4 is based on uti-
lization of the Doppler effect in & medium. In this case an electron, in
order to radiate, must develop oscillations close to its trajectory. It is
also possil’e to use Cherenkov's effect for microwave radiation vhich facili-
tates making use of uniformly moving electrons [ 114_7.

Super-luminescent electron rediation, or Cherenkov's effect, as we know,
means that an electron moving with a constant velocity 7 1in a medium with a
refractive index n will radiate electromagnetic waves if the following condi-
tion is satisfied:

‘' C 5
v > n{eo) (28)

Moreover, waves with a frequency co are rauiated only in a direction which,
with ¥ , forms the angle § o, determined by the formula:

/
cos 8 = 2
Ol verorey (29)

The energy radiated by an electron on the path Z equals / 15 ]

.Y 5‘ o (, / ) d

== TV I w (30)

[ ﬂ'n >1 EZ%Z(M) ’

vhere integration takes place in tue whole frequency range for which disparity
(28) holds good. N

Radiation occurs when an electron moves near a medium in a channel or
slit, or simply above a dielectric; in practice, as stated in Section L, the
distance between the electron and the dielectric must not be greater than the
wave length _;\_ . When there is a channel or slit, the radiation intensity can

be determilhed by formula (30) accurate to & multiple of the order .£ unity, if
the distancé between the electron and the dielectric is < 0.1 %_ (for a more
accurate detérmination, see article by V. L, G nzburg and I. M. = Frank /12 7).
For inﬁtance, if n = 7, Bn = 1 when the electron energy V - 5,000 eV and when

V = 10%eV, the radiated energy in the frequency interval Awis:
2 _ -
- A5=__2_;62 colewo= 1.28-10 402'WAUJ= 70 '55’9 (31)

vhere, in converting to a_numericel example, it may be assumed that W = 2'10]'2

(A 2= 1m), Aw = 2-10!1 and 2 = 20 cm. (We may neglect the dispersion n

which is, obviously, perfectly admissible for many materials in the microwave
region. If dispersion is great, as & rule losses will increase, vwhich is a
disadvantage.) The total enmergy radiated in the frequency range é<2-1012 in

the case under discussion equals f = 5+10715 ergs. When the current J = 10”
amps, if the electrons radiate independently, AU = 60 ergs/ sec and U « 300

ergs/ sec., But even in this case the radiation intensity can bte greatly increased
by meking use of bunching. In consequence, the radiated intensity is proportional
not to the number of electrons in the bunch ¥ but to¥2, In a frequency reange

where the bunches radiate coherently, the energy radiated per second is:
2 =22
A= _2622 v2 Nwldw=24 T.v.wbe=870 Tug v U0

where N is the number of bunches sent out per second and J = e VN.

In the cxample cited above with J = 10-2 amp, when Vs« 109, AU - 6 kv and
U = 30 kw. Of course, gince the electron energy in this example equals & total
of 0.1 kw, the electrons must either be accelerated or, by an increase in the
size of the slit, lose a good deal less energy than previously indicated. Never-
theless, it should be emphasized that utilization of bunching may make it possi-
ble to apply Cherenkov's effect for intensive microwave radiation; this method
may prove simpler than the one described in Section 4, based on applying the
Doppler effect in a medium, .

- 10 ~
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On the long-wave side, the radiation spectrum is determined by formula
(30), i.e., the intensity is proportional %o wdew or % On the shortwave

side, the spectrum is cut off abruptily, on the one hand, beceuse of the
presence of the slit and, on the other, by virtue of the condition of co-
herency in bunch radiation expressed by the disparity {27); For greater pre-
zision 1t 1s necessary to use a formula of the {13) type substituting A for X
and the angle & o, determined by formula {(29), for & .

It is clear from what has been sald that the radiation spectrum is con-
tinuous but has a clearly expreszed maximum when

A~d-922. (33)

From the standpoint of lightering, the conditions imposed on the width
of the slit and the size of the bunch 4, no advantaege is gained by using very
large values, n~7-8. Even when n = 4, Pz = 1lvwhen Ve 16,000 eV, and conse-
quently, the voltages needed are not large.

As a result of the radiation, the electrons are retarded causing a de-
crease in the angle of radiation & o, Starting from a velocity v u C Or less,
n
radiation will cease., Hence it is clear that for a value of ¥ substantially
larger than ¢ , the efficiency must be very great (the efficiency equals
T

V - Vo where V is the energy of the electrons and Vo 1is the energy at which
v

vz gl
A \

The problem of the generstion of microwdves is closely connected with the
problem of their absorption in various medis. For fluids and solid bodies, it
is simple to reduce this problem to an investigation of the complex dielectric
constant £7 and its relationship with f*'eq,uencye Generally speaking, 1t is
very difficult to arnive at a calculaticn of £ from the viewpoint of the mo-
lecular theory. Investigation of the dispersion of the indexes of a'bsorption
and refraction in high-frequency flelds, i.e., determining the function E° ),
is & basic problem in the application of microwaves to the study of the prop-
erties of, a substance. We shall not linger on this topic here. '

Section 6

With regard to geses, the absorption of radio waves is valusble and can
be studied from the very beginning within the framework of the atomic theory;
we shall reduce the calculation of the absorption factor of ges here to an ex-
planation of the nature of absorption for various molecules and accounting for

the widening of the absorption Iines connected with collisions between molecules.

The absorption’ of @ses in the radio-frequency region is explained by the fact

that in meny éases the molecules may have levels the distance between which cor-

respond precisely to radio freguencies; it ds likewise necessary that radiation
transitions can take place between these le)vels. The rotational levels oi di-
atomic and polyatomic molecules are levels of this type, if we do not include
the very short waves in the vicinity of the infrared band of the spectrumn,

Here we find the well investigated so-called inversion spectrum of emmonium NH3
molecules lying in the region A = 1.25 cm [16_7. (For recent discussion of &
number of other cases, see items 17 and 18 of bibliography.)

I

In g%eral, it should be borne in mind that the rotational lines, particu-

larly for polyatomic molecules, lie in the microwave range &s & rule and not as

an exception. It is therefore possible to speak sbout a special field of molec-
ular spectroscopy -- the radiospectroscopy of molecules. Here also belong possi-
ble transitions between sublevels of molecular terms split up in megnetic or elec-

tric fields (for example, in the earth's magnetic field [19, 20_]) and Zeemen
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trensitions connected with a change in orientation of the magnetic moment of
nuclel in a strong magnetic field (see, for example, 21; also see another
article by the author in Uspekhi Fizicheskikh Nauk, XXXI, 3, 320, 1947).

The absorption coefficient of a wave with a cyclic frequency & equals {

()= 4nte?|ZplioN | x ! -’
A (ew 3 Fe ‘277' (‘W~Wa)2+ZZ;'2 c ’ (3h)

2 2
where @, 18 the eigen frequency of tramsition; e li}_’ the square of the
modulus for the matrix element of the dipole moment TYor a given transition;
Y the half-width pf the abe -sption line; N the number of absorbed molecules

2
per cu cm; # Planck's constant divided by 27]’.[22_7

If the spectrum of incident waves is continuous and the width of the
line does not change, the total energy absorbed per cubic centimeter of gas
per second will egual '

2_2
e*N

chc
where I (W) dw is the flow of radio-wave energy in the freqguency interval dw.

“I (), (35)

%2

Tn formulas (3%4) and 135), it is understocd that the statistical weight
of the lover (beginning) level and of the upper (fimsl) level is equal to
unity and that, for the most part, the induced emission is disregarded. By in-
duced emission we mean the phenomena due to the wave field acting on the ex-
cited molecule, causing it to emit additional radiation in the direction of
the incident wave. The ratio of the probability of absorption to the probabil-
ity of induced emission is such that, if the numbers of molecules on the upper
and lower levels stand in the same relation to each other as the statistical
weights of these levels, the radio waves would not be absorbed at all (see bib-
liography, 19, 20, &nd Section 11 of 22).

In fact, on the lower and upper levels, respectively, we f£ind i
~E /KT ~Eo/KT !
N, - Cgie and Ny = Cg.e molecules, i

where C is the normal constsnt; g the statistical weight; and E the energy of
the term.

Computation of the absorption and induced emissior at any value of g; and
go demonstrates that the absorption coefficient observed in experiments may be

obtained from (34) by substituting for N
~E1 kT —Ea/kT —E,/kT ~(Ea-E1)/kT ).

%"%‘=C(‘5’ (AT ~E/AT) = ¢ T (e ) (s6)

When T~ 300°K, kT~ uulo‘li‘, and hence, even for eq,:zv2=1012 (A, ~ 1mm),

Eg_" E, — Hewo ! :

KT kT 20
Whence it is evident that, in general, in the radio-wave range
N N o Ny Fewe
9, da gr RT
Calculating the sbove and converting to the frequencies ¥ z ¢, we shall f£inally

) obtain for = . — 2 . by e
. "Zeaz %2 "V‘N’ “RT AV (37)

%(V): - ém 7 -
Fhe g, {Or v )=+ (B9)7) .

where Ay TZ 1s the half-width of the line /= (% +4V) = 3 » (Vs )/ and

—_ T -
Z X312 is the sum of | xy5
and final levels [_22_7o

2. for all degenerate sublevels of the beginning
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In (37) ve assume, as we did in (34) that v, > Av ana’|V— Val <.
At the maximum of the line when v = 34, '
- |2 %va
arzeZle:z’-Va'NI' T (38)
Sheg, v

L=2x(y)=

Formulas (34) -- (38) are directly related to the case of electric di-
pole transition. In large gas masses, generally speaking, less intensive
transitions may prove important., As we know, the ratio of the intensity of
quadripole {Ixd) and magnetic dipole {Ipg) tramnsitions to the intensity of
electrical dipole transition {Ie3), according to the order of magnitude (as-
suming that the frequencies and other parameters of the trensition are iden-

tical) are equal to
Iﬁd A 2).\_, /0_/‘ ) Imc( F _4 -5

** where a is the radius of the atom; m the electron mass, and A the v = length.

It is evident from (39) that gquadripole radiation in the range of\nd&io
frequencies is absolutely unimportant (this is also true of higher multipoles)
and that only magnetic dipole radiation can play a part. In the latter case,
formulas (34) -- (38) are applicable after replacing : ' v,

SENREAL |

» ’ ’ (40)
—> |2 .
where l’/" 121; is the square of the modulus of the matrix element of the mag-
netic moment.

Ag we can see from {37) and {40), to find = (¥) it is necessary to know
Vd’}xlal or /f‘l-élg’ gy Av and N,. Finding. ail these values, except AV,
is essentially a problem in molecular spectroscopy [23_7* Theoretically,
this can also be done for rotational transitions by bringing in a few experi-
mental data., The value of Av for a gas which is not too dense is determined
by Laurent's impact expansior mechanism and equals

Ay = 7 —_ Z :

27 T 27 ’ v A i (h1)
vwhere Tis the time of the free path of a moiecule and Z the number of its col-
lisions per seccnd. .

Moreover, in (41) it is impossible to take, as 1s usually done, the value
of T used in gas kinetics. Instead we have to speak of a certain effective
free path time. The half-width of A¥ can, and must, be determined experimen-
tally. But, in accordance with its order of magnitude, 7 in (41) is equal to
1ts value of gas kinetics; for example, in the case of air, for a pressure of.
latm 77~ 10°1% ana Av ~ 2-10 AV ~ O-1 cml

c

Let us note that if é,:) 2./1, the cited formulae wili mo longer be accurate and
must be somewhat modified / 24 7. .

ﬁere follows a,detailed discussion on the absorption of microwaves in air,
especially by water vapor and oxygen, sumsrized as follows:

) ﬁf'w_e disregard nonresonant absorption and factors which are of secondary
importance in absorption by isotopic molecules, we' may say that when 2A>0.2 cm
air absorbs waves at A ~ 0.5 cm and* A~~ 1.3 cm., Waves with A ~~ 0.5 cm are

_absorbed e times (that is, their intenmsity drops e times) in a distance of ap-
proximately 300 m (at maximum absorption); waves with A ~~1,3 cm are absorbed
by water vapor end their intensity diminishes e times in a distance of approxi-
mately 20 m when.the water content is sbout one percent by volume (at maximum
absorption, when A = 1.34 cm). Moreover, the sbsorption line of water is very
wide, and the absorption comnected with it is of great importance in a rather
wide range of wave lengths / 26, 27 7./
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