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The resonant acceleration of a beam of oscillators generated by a relativistic electron beam moving
along an external magnetic field in a medium with a population inversion is considered. It is shown
that the beam acceleration time is of the same order as the emission time of the medium. The energy
acquired by the beam during that time is determined. The acceleration method under consideration is
sufficiently effective if the beam density is small in comparison with the density of the active mole-

cules of the medium.

IT is shown in ©!? that the Cerenkov field of a particle
moving in a nonequilibrium medium can stimulate co-
herent emission of the active molecules. Since the
phase velocity of the oscillations excited by the parti-
cle is close to the velocity of the particle the reaction
of the field changes the Cerenkov deceleration of the
particle into acceleration.”

The present paper deals with the acceleration of a
beam of oscillators generated by a relativistic beam of
charged particles moving along a dc magnetic field in a
medium with population inversion. The beam is acted
upon by a transverse wave field generated by the me-
dium under normal Doppler-effect conditions, i.e., when
the frequency of the accelerating field in the beam’s co-
ordinate system is equal to the gyrofrequency. Such an
acceleration mechanism is of a particular interest be-
cause the synchronization between the accelerating field
and the oscillator is not destroyed by the relativistic
mass increase of the beam particles.‘z’ %1 We show be-
low that acceleration does occur and is sufficiently ef-
fective if a paramagnet is used as the active material.
The solution of the nonlinear equations of motion of the
beam and the equations of state of the medium deter-
mines the maximum energy acquired by the beam, and
yields the accelerating time, which has the same order
of magnitude as the emission time of the medium.

The initial system of equations consists of the equa-
tions of motion of the beam and the continuity equations,
the equations of the magnetic moment M of the medium,
and Maxwell’s equations for the field:
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where v is the velocity and n the density of the beam;
M is the magnetic moment per unit volume; E and H

D The possibility of direct conversion of energy stored in the active
medium into kinetic energy of an accelerated particle beam was noted
by Ya. B. Fainberg, and the use of an inverted paramagnet for acceldea-
tion was suggested by E. K. Zavoiskii.
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are the electric and magnetic components of the self-
consistent field; H, is the dc magnetic field and g is
the Landé factor; p is the elementary magnetic mo-

ment of an atom (Bohr magneton), and h is Planck’s
constant.

We consider a one-dimensional problem, assuming
that all quantities depend only on the z coordinate
parallel to the magnetic field H, and seek the solution
of (1) in the form of plane waves with circular polari-
zation:

Ey+iE, = Hy— iH, = E({)exp[i® + i (¢)];
M+ iMy = b(t)exp[i® + in(?) ]; (2)
vx+ vy = vy (¢)exp [i®@ +i8(2)],

where @ = w(z/c —t). Furthermore, assuming that
vgz(t, z) = vy(t) and n(t, z) = n, (the continuity equation
is satisfied automaticallyt*!), and substituting (2) into
(1), we obtain a system of ordinary differential equa-
tions
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In the derivation of (3)-(9) we assumed that the am-
plitudes and phases of the velocity, magnetic moment,
and electromagnetic field are slowly varying functions
of time. In addition, putting w = = guH,/i (where @
is the resonance frequency of the medium, equal to the
angular precession frequency of the magnetic moment),
and using the law of conservation of total momentum we
eliminate the z-component of the vector M, namely
M, = —(N* — My — M3)'/? (where N is the density of
active molecules and the minus sign in front of the
square root means that the magnetic-moment vector is
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directed against the magnetic field at the beginning of
acceleration, i.e., the paramagnet is inverted! °1),

A formula determining the beam energy can be ob-
tained from (3) and (4):

j—m&y:eEvlcos (0 — ). (10)
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Subtracting (4) and (10) term by term we find that

the quantity
v v 4l vi2\
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representing the difference between the energy and the
longitudinal momentum of the beam is conserved and is
an integral of motion.!»?%! The system (3)—(9) can be
simplified by using (11) and assuming that q = wg/Q
(wyg = eHy,/mc is the gyrofrequency). It can be readily
seen that a resonant solution exists and yields ¢ = g
=7 = 0 satisfying (3)=(9) for any values of the functions
v,(t), v; (), b(t) and E(t).

Expressing v“(t) in terms of v, (t) from (11):
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LS z; b= Npsiny, (13)
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we can reduce (3)—(9) to the form
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We consider the solution of (14) assuming that at the
initial time t = 0 the transverse beam velocity is zero
(x(0) = 0) and the magnetic moment is directed against
the magnetic field (b(0) = 0). For these initial condi-
tions, the integrals of motion of (14) can be represented
in the following form:
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Eliminating E and y from the second equation in
(15) by means of the first equation in (14) and the first
equation in (15) we obtain an equation for the motion of
the beam:

dw \* e ' 1 (4 megp (1+ ¢%)°
(dt>_ nmzcz(i—*—qz) (1+w2213 NhQ si [ 4eh q

X (w + % w3)] — ngme2(1 + g2) wz}, (16)

where w = tan '4x.

We assume below that the total angular momentum
of the active atoms is determined by the spin angular
momentum (g = 2, = wy) and the beam velocity at the
initial time is zero: q = 1. In this case (16) assumes
the form

Nton , [ 1 1 nome: '
- S —|\ v+ —w — 2
a A 1+wz{m 72 < *3 >] Niom 1 (17)

V. B. KRASOVITSKII

In the absence of the beam (n, = 0), Eq. (17) de-
scribes the natural oscillations of a paramagnet that is
in inverted state at the initial time. The transverse
amplitude of the magnetic moment y(t) varies like a
nonlinear pendulum with the equilibrium position at the
upper point and a period of oscillations T
= 1/z(h/Nu2wH)l/2,[°] while the magnetic-moment vec-
tor that was directed against H, at the initial time ro-
tates and becomes parallel to the magnetic field in one-
half of a period. At the same time, the entire energy
stored in the medium is transformed into the electro-
magnetic field energy. This is followed by the process
of field absorption by the medium, returning the system
to the initial state (y = 27). The process is then re-
peated, although the value of y(t) decreases to zero and
the field phase is shifted by . If the beam density is
different from zero the absorption of part of the energy
by the beam gives rise to a maximum oscillation ampli-
tude y,, different from 27. We obtain the equation for
the function wy, by setting w(wp,) = 0 in (17):
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In a general case this equation can be solved numer-

ically, although when A << 1 the solution can be ob-

tained by the method of successive approximations:

Wy = Il/o-'}/ZA (19)

1 —

1+ ; w°+—§wo3= /2.

In the first approximation we find: wp, ~ w, = 2.4.
Using (19) we can determine the maximum energy

acquired by the beam:

me2ym = mc2(1 + we?) < Tme2 (20)

Thus a low-den51ty beam initially at rest, n,
<< Nh wp/mc?, can be accelerated up to the energy of
$3.5 MeV in time T ~ “.(i/Nu®wg)'/? and the energy
acquired by the beam is weakly dependent on the beam
density. As beam density increases the maximum en-
ergy decreases and when A > 1 acceleration does not
occur.?

The above theory does not take into account the lon-
gitudinal field E (t) generated by the z-component of
the accelerated beam; it is therefore necessary to de-
termine the conditions under which this approximation
is valid. As shown in [*} the main effect obtained by in-
cluding E | is a phase shift of the beam relative to the
accelerating field, which stops the acceleration.

Assuming that v = ¢, we find the longitudinal field
generated by current enyc: E(t) = —4mensct. The quan-
tity q, defined by (11), varies in time according to

q = 1 + i/11(.00212, (21)

Substituting (21) into (7) we determine the time depend-
ence of the beam phase shift

= 4aeng/ m.

(22)

1
¥(t) ~ -29—4(x)ozo)gt

The acceleration process obviously terminates at ¢ ~ 1,

2) The interaction of a high-density charged-particle beam with an
active dielectric in the absence of magnetic field was considered in [7].
In this case the energy stored in the medium can be converted into the
energy of a longitudinal wave and the beam acts as a slow-wave wave-
guide.
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The time 7 determined by this condition turns out to be
equal to 7~ Twy>/® wif/®. Comparing 7 with the char-
acteristic acceleration time T we find that the longitu-
dinal field can be neglected with T <l 7:
h ‘/x 14
2
() )

Nploy @y

In conclusion we evaluate the maximum density in
the accelerated beam for a given value of the magnetic
field. For wy ~ 2 x10" (wavelength of the order of a
cm) and N ~ 10” we find n, £ 10 and T ~ 5 x10~°,
With increasing emission frequency the particle density
n, can be increased: wpy ~ 10'° (optical frequency
range), n, < 10" and T ~ 5x 1072, Consequently the
above effect can be used in the design of heavy-current
accelerators with moderate energy.
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