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Objectives and scope of the project

In this project we planned to develop some new concepts of gamma-ray lasing
alternative to the traditional approaches based on the Moessbauer technique. Two separate
branches we intended to discuss: (I) two-quantum induced radiative transitions in an ensemble
of free excited nuclei and (II) two-quantum induced annihilation of electrons and positrons.
Technical objective of the project was to work out a concrete scheme for the quantum

mechanical calculations of two-quantum Doppler-free induced gamma emission (IGE) of free
excited nuclei or antiparticles.

Achievements

The main result of the theoretical research of the project is the development of the
method of external ignition of two-quantum IGE of (I) free excited nuclei or (II) free

positronium atoms by counterpropagating intense photon beams. The performed analysis
reveals the following advantages of this method:

e In contrast to one-quantum emission with Doppler-broadened line, all nuclei regardless of
their random individual velocities turn out to be involved in the process of two-quantum

IGE of photons with the energies near to a half of the nuclear transition energy (only for
(I) free excited nuclei).
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e A specific dynamic distributed feedback ~ inherent to two-quantum emission in
conterpropagating photon beams only is settled without any reflecting structures (for both

(D) free excited nuclei and (II) free positronium atoms).

e Nonlinearity of the feedback leads to release of nuclear storage energy or positronium
annihilation energy in avalanche-like manner accompanied by emission of a giant pulse of

coherent gamma quanta (for both (I) free excited nuclei and (II) free positronium atoms).

e Relativistic motion of positronium atoms (particles with relatively small mass) permits us
to lower the requirements to frequency, angular divergence and flux density of one of the
counterpropagating igniting photon beams. The other beam could appears due to
spontaneous-stimulated annihilation transitions caused by the first igniting beam since the
spontaneous photons in this case proves to be perfectly matched both in frequency and

direction.(for (II) free positronium atoms).

Technical Background

As is well known, the cross section for induced emission is rapidly decreased in high
frequency range because of both the decrease of the emission wave length and the increase of
the Doppler line width which is proportional to transition frequency. Therefore, observing of
IGE seems to be unlikely without radical suppression the Doppler broadening of emission line.
In the most proposals for gamma-ray lasing the Moessbauer recoilless transitions of nuclei in
solids are suggested to use in order to avoid thermal broadening of emission line and, thus, to
increase the IGE cross section. However, the lack of success of long standing efforts to design
a self-consistent scheme for obtaining gamma-ray lasing in solids [1-4] impels us to search new |

approaches alternative to the traditional schemes based on the Moessbauer technique.

Two separate non-Moessbauer approaches to the problem of gamma-ray lasing have
been previously discussed in literature: induced gamma emission of monokinetized nuclear
beams [5, 6] and coherent gamma emission by induced annihilation of electron-positron pairs

or positronium atoms [7-14].
Reported here is success in:

(I) theoretical study of an alternative way to remove the pernicious influence of chaotic

motion of free nuclei by means of external ignition of two-quantum IGE process in
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counterpropagating intense photon beams. “This approach, first proposed in [15], uses all

the experience gained in two-quantum sub-Doppler optical absorption spectroscopy [16].

(1) theoretical study of the process of external ignition of two-quantum induced annihilation of

free positronium atoms by counterpropagating intense photon beams.

Report

(D) External ignition of two-quantum IGE of free nuclei.

According to the lows of energy and momentum conservation, any nucleus regardless
of its velocity is capable to absorb (or emit) simultaneously two quanta with opposite

directions of wave vectors and with the same energies equal to a half of the nuclear transition
energy E, = Aiwy. The Doppler shifts to the frequencies of such quanta are equal in value
but opposite in sign. Therefore, a motion of nuclei can not rule out the sum of the quanta
energies beyond the resonance with the nuclear transition energy. Thus, the spectral
distribution of two-quantum IGE under condition of external ignition by counterpropagating
beams of photons of equal energies will features a narrow peak near to a half of the transition
energy. This peak is associated with contribution to IGE of all nuclei regardless of their
random individual velocities and it is in contrast with the background formed by the emission

of particular groups of nuclei belonging to different parts of their velocity distribution.

The steady-state amplification of the counterpropagating beams with photon flux

* . . ..
densities I and I' [cm™s™] within the spectral line width of the nuclear transition A@, around

the frequency @ / 2 is governed above the ignition threshold by the equations [17]

dl  dr’ .
E——E~M%—mm -

where the rate constant for induced gamma emission /3 is estimated by the expression

g (8_;:)2 a?a’/Aw,
3/ (1-2E.JE,) g @

and E is the energy of the neighboring intermediate nuclear level situated between the levels

involved in the considered nuclear transition, a - is the radius of a nucleus, @ - is the fine
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structure constant. The inverted population difference (n, —1n,) is expressed through the

initial population difference ng by the relation

Ny
n,-my= ¥ 2

where I is the saturation photon flux density.

A positive gain with dI/dz>0 and - dr’ / dz > O is achieved under the following
condition
on
gn
Fio @
which can be regarded as a threshold condition for ignition and o - is the cross section for

photon scattering from igniting beams, 1l - is the total concentration of nuclei.

Integration of equations (1) with allowance for the saturation of excessive population

(3) yields the transcendent equation for the net output photon flux density I, on the length L :

In | ZIign B In In

s ign s
* . . ., . ., . - .
where [;;, = L, is the igniting photon flux densities at the input of the gain region.

Figure 1 displayed the dependence of normalized net output photon flux

density I/Is versus the medium activity A=fnolL, found from the equation (5), with the

2
squared ratio (Iign / IS) taken as a parameter of a family of curves. These curves reveal an

ambiguous S-like behavior at a high enough medium activity . As the parameter A reaches its
critical value A = (fnolsL). ~ 1, the output photon flux density is switched to the upper
branch of the S-like curve. This process is accompanied by abrupt avalanche-like devastation

-~

of the population of upper level, which give rise to a burst generation of 2 giant pulse of

coherent gamma quanta.

Discontinuities in dependencies shown in figure 1 are due to the dynamic distributed

feedback, which arises in induced two-quantum emission in counterpropagating photon beams




without any reflecting structures, creating of vs;hiCh in gamma frequency range is a very
complicated task. Indeed, due to intrinsic nonlinearity of two-quantum emission the
counterpropagating waves of IGE proves to be perfectly matched in phase and coupled to
each other. This coherent coupling arising in each event of two-quantum IGE can be regarded
as a some kind of positive distributed feedback, which leads to forming a standing wave in the
amplification region (the main attribute of a feedback) in the absence of any mirrors or

periodic scattering structures.

Conventional distributed feedback based on a stationary periodic scattering structure is

characterized by a coefficient of coupling p of counterpropagating waves. This coupling
coefficient is defined as a variation in the photon flux density dI” in the backward wave within
length element dz divided by the flux density I in the forward wave,

1d1°
p—___.

I dz (©6)
In an induced two-quantum process in the field of counterpropagating waves, the photon flux
density in the backward wave changes in each event of stimulated emission. Because of
intrinsic features of induced emission, newly created photons are perfectly phase-matched and
are emitted into an appropriate mode. Therefore, according to (1), the nonlinear coefficient of

dynamic distributed feedback in induced two-quantum emission is given by
p=B(ny —n)l ™

- * . . . . V
and increases proportionally to I . Because of the nonlinearity of the feedback excitation of
nuclei is released in an avalanche-like manner, which is accompanied by emission of a giant

pulse of gamma quanta.

Numerical estimates are given for a hypothetical “fortunate” nucleus with A=150, a

transition energy Eg = 10°¢V and an intermediate energy level with a detuning

|1 -2E,/ EO’=2.10'6. For such a detuning, expression (2) give the following estimate for

the constant of stimulated emission B = (2-10 cm*)/Aay . In accordance with (4), the

threshold spectral flux density of igniting photons can be estimated as lign/A@wy = 3.10"™ cm?

, where we assumed that ny = 0.6n and took into account that the scattering of gamma
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quanta with an energy of about 50keV mainly occurs through photoionization of atoms with

the scattering cross section o =6 -1 0% cm?.

The igniting photon flux density at a critical point is estimated as Lign/Is ~ 1/(8nglL)er
~ 1, which can be satisfied at the threshold spectral photon flux density Iigo/Aay = 3-10™8

cm with, for example, np = 10'7 cm™ and L = 10* cm .

Finally, let us compare the estimated threshold spectral photon flux density in the

igniting beams with the capabilities of the available sources of gamma radiation. The spectral
density of the photon flux in synchrotron radiation (within a solid angle of 107 steradian) is
estimated as approximately 10cm™ [18], which is many orders of magnitude lower than the
required value of Iign/Aay . Although x-ray lasers ensure a higher spectral density of the

photon flux, about 10"cm™ [18], such a spectral density of photon flux is lower than the

required one by three orders of magnitude. In addition, the pulse duration of radiation

produced by x-ray lasers is not sufficient to ensure ignition.

The performed analysis reveals the main advantages and drawbacks of the method of
external ignition of induced two-quantum emission from free excited nuclei by

counterpropagating photon beams, which can be summarized as follows:

e In contrast to single-quantum emission in an ensemble of nuclei with Doppler-broadened
gain line, induced two-quantum emission of gamma photons caused by counterpropagating

igniting beams involves all nuclei regardless of their individual velocities.

e A specific dynamic distributed feedback, which is characteristic of induced two-quantum
emission in counterpropagating photon beams only, is established in the absence of any

reflecting structures.

e Because of the nonlinearity of the feedback, with a coefficient proportional to the photon
flux density of the igniting beam, excitation of nuclei is released in an avalanche-like

manner, which is accompanied by emission of a giant pulse of gamma quanta.

~

~
e At present, the implementation of such a process is impeded by the absence of source of

igniting gamma quanta, with a sufficient photon flux density. Therefore, the advantages of

the proposed technique may manifest themselves only in designing a final stage of a source




of gamma quanta (e.g., in x-ray or gamma-ray laser, relativistic undulator, free electron

laser, etc.) for production a short giant pulse of coherent gamma photons.

(1) External ignition of two-quantum IGE of free positronium atoms.

Antimatter as a perfect source of states with negative temperature [19, 20] attracts for
a long time attention of the researches which are looking for a way to achieve a self-
maintaining photon chain reaction or, in other words, annihilation laser. The main theoretical
efforts have been concentrated on the least exotic annihilation reaction - the radiative electron-
positron annihilation and conditions for development of gamma-ray lasing by induced
annihilation of electrons and positrons have been discussed [7-14]. In this paper we consider a
different mechanism for the production of coherent gamma-rays based on external ignition of
avalanche-like induced annihilation of positronium atoms by conterpropagating intense photon

beams.

As is well known, annihilation of free electrons and positrons with low relative
velocities goes mainly through the stage of hydrogen-like bound state of electron and positron
named as the positronium. There are two types of the positronium atoms in the ground state:
with antiparallel spins of the electron and positron (parapositronium) and with parallel spins of
the electron and positron (orthopositronium). One-photon radiative annihilation of free
positronium atoms is completely forbidden. According to the lows of energy and momentum

conservation annihilation of a parapositronium atom in the system of center of mass is

accompanied by emission of two quanta with equal energies iy ~ mc? = 0.511 keV and
with opposite directed momenta. Therefore, an ensemble of parapositronium atoms is the most
appropriate system for applying the method of external ignition of induced annihilation by

counterpropagating photon beams.

The process of ignition of induced annihilation of positronium atoms has a number of
positive and negative distinguishing features [21]. First of all, in contrast to the above nuclear
case, the Doppler-free induced two-quantum_emission is now impossible. Indeed, a
parapositronium atom in a motion can not emit two identical quanta in opp,osite directions

because of the complete disappearance of both emitting particles. As a result, only a small part

&= Awy/wp of parapositronium atoms (A, - is the transition frequency band width
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equal to the inverse lifetime 1/ T of parapoéitrémium, @p - is the Doppler width of the

emission line) turn out to be involved into the process of induced annihilation caused by

counterpropagating photon beams.

Smallness of the particle masses bring to the following positive point: it is possible to
lower the requirements to the igniting photon source by making use of a relativistic motion of
positronium atoms to transform the photon frequency, photon density in the beam and the
angular divergence of the photon beam. Due to Doppler transforﬁlation, the energy of the

contrary igniting photons can be decrease down to the value

IIIC2

ho. =
a)lgn v+ (}/2 _ 1)1/2 ®)

where ¥ - is the relativistic factor of the positronium beam. For example, if the energies of
electrons and positrons in a beam are equal to mc%y ~ 260 MeV (¥ =500), the energy of
igniting photons becomes i, = 0.5keV.

Simultaneously, the igniting beam photon density in the coordinate system traveling

together with the positronium atoms increases by factor » and the solid angle of the photon
2 Y272 2 . .
beam decreases by | ¥ +(}/ - 1) ~4y“. This means, that the brightness (spectral-

angular photon flux density) of the photon beam increases 4y ® times and for the above
numerical example consist 5. 108,

Of cause, the other beam of igniting photons, which propagate in the same direction as
the positronium atoms, is subjected to inverse Doppler transformation, so the energy of
photons of this beam should be extremely large 2m02}/ =0.5GeV. Fortunately, there might

be no need in the second external igniting source at all. The spontaneous photons emitted in
spontaneous-stimulated annihilation transitions caused by the first igniting photon beam only
are perfectly matched both in frequency and direction to play the role of the centrary igniting

photon beam.

In the coordinate system moving together with the beam of parapositronium atoms

with concentration N the steady-state amplification of counterpropagating beams of gamma
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quanta of frequency @, with photon flux densities I and I" [em?s™] within the body angle

AQ and the spectral band A@g is governed above the ignition threshold by the equations

[22]

a_ —dl=ﬂgNH*
dz  dz ©)

where the rate constant [ for two-quantum stimulated-stimulated annihilation transitions is
determined by the expression

A1

F= AwyAQ (10)

and A = 27fi/mc - is the Compton wavelength.

A positive gain with dI/dz>0 and —dI’ / dz > 0 is achieved under the following

condition

(1 +b,u)0'(N+ +N_)/N,
Lign > ;
2¢p a1

which can be regarded as a threshold condition for ignition and where (N, + N_) is the total
concentration of electrons and positrons, N - initial concentration of positronium atoms and
. . . ., . * 3 3 ., .
O - the cross section for photon scattering from igniting beams, 1 = Iign / Iign is the ignition
asymmetry coefficient.
Integration of equations (9) yields a transcendent equation for the pure output photon

*

flux density I, = L,y — Ly = Iou — I:gn

-1
I | I o
4+1+ In|| —+1 —+1]| |=1,,0eNL ‘

[Iign ﬂ] (Iign ](ﬂ Iign ] lgnﬂg (12)

where N is averaged concentration of positronium atoms

emerging from a gain region of length L
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N= IjN(z)ciZ
0

=

(13)

Figure 2 displays the dependence of I / Lign on the activity parameter A = I, ﬂéNL
of the gaining medium for different values of the asymmetry coefficient M. The specific
feature of these curves are the lack of one-to-one correspondence at a high enough values of

the activity parameter A . As the parameter reaches its critical value A ~ 0.1, the output

intensity is switched to the upper branch of the S-like curve in an avalanche manner. This
process is accompanied by an abrupt increase of the induced annihilation rate, which give rise
to the emission of a giant pulse of coherent gamma photons.

Numerical estimates are given for the beam in which the number of parapositronium
atoms 107 times less than the total number of electrons and positrons and a fraction of
parapositronium atoms interacting with igniting photon beams consists &= 10°. In
accordance with (11), the threshold brightness of igniting photon beams can be estimated as

Iign / (AwyAQ) > 8.10%%cm?steradian™ and L. / (AwgAQY) > 8.10%° cm?steradian™,

ign
where we assumed =100 and took into account that the loss of gamma quanta from
igniting beams mainly occur through the Compton scattering with the cross section
o =2,6.10"cm’.

The activity parameter critical for starting avalanche-like induced annihilation of

parapositronium atoms is determined by the condition A = (Iign ,B&‘NL) ~ 0.1, which can

cr

be satisfied with threshold brightness Iy, / (AwyAQ) = 8.10%cmsteradian™ for the

average concentration of positronium atoms N =10"%cm® and the length of gain region

L = 10m . Relativistic motion of parapositronium atoms with ¥ = 500 leads to reduction of

the threshold brightness by factor 4y 3=5.108 and the energy of igniting photons by factor

2y=10°. As a result, the threshold energy brightness of the igniting beam will be 0,8. 10ev

cm’” steradian™ and becomes attainable by x-ray lasers.
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The performed analysis reveals the main advantages and drawbacks of the method of
external ignition of induced two-quantum annihilation of parapositronium atoms, which can be

summarized as follows:

e A specific dynamic distributed feedback, which is characteristic of induced two-quantum
emission in counterpropagating photon beams only, is established in the absence of any

reflecting structures.

¢ Due to nonlinearity of the feedback, the induced annihilation of parapositronium atoms is
realized in avalanche-like manner, which is accompanied by the emission of a giant pulse of

coherent gamma quanta.

e It is possible to lower the requirements to the igniting photon source by making use of a
relativistic motion of positronium atoms to reduce the photon energy, the photon density

and the angular divergence of one of the igniting beam.

e There might be no need in the second external igniting beam at all. The spontaneous
photons émitted in spontaneous-stimulated annihilation transitions caused by the first
igniting photon beam only are perfectly matched both in frequency and direction to play
the role of the contrary igniting photon beam.

e At present, the implementation of such a process is impeded by the absence of
monokinetized parapositronium beams and by the absence of sources of igniting photons,
which combine a sufficient pulse duration with high brightness. Therefore, the advantages
of the proposed technique may manifest themselves only in designing a final stage of a
source of gamma quanta (e.g., in x-ray or gamma-ray laser, relativistic undulator, free

electron laser, etc.) for production a short giant pulse of coherent gamma photons.
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Significance

There is a threefold significance to this theoretical result:
The performed analysis shows the possibility of ignition by two counterpropagating

photon beams a burst generation of coherent gamma radiation in an ensemble of free
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positronium atoms or in a gas of free excited nuclei without any cooling or embedding of
the nuclei into a solid matrix.

2. In contrast to one-quantum emission with Doppler-broadened line, all nuclei regardless of
their random individual velocities turn out to be involved into the process of avalanche-like
two-quantum induced gamma emission of photons with the energies near to a half of the

nuclear transition energy.

3. Such kind of a burst generation of coherent gamma photons is due to the special type of
dynamics distributed feedback arising in the process of two-photon induced emission in
counterpropagating beams without any reflecting structures, creating of which for the

gamma-ray range is a very complicated task.
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Abstract—The method of external ignition of stimulated two-quantum gamma emission of free excited nuclei
by counterpropagating photon beams is considered. In contrast to one-quantum gamma emission of an ensem-
ble of nuclei with a Doppler-broadened gain line, in the case under consideration, virtually all nuclei, regard-
less of their random individual velocities, are involved in the emission of gamma quanta into a selected mode.
A specific dynamic distributed feedback, which is characteristic of stimulated two-quantum emission only and
which is established without-any reflective structures, is revealed. Because of the nonlinearity of the feedback,
with a coefficient proportional to the intensity of the photon beam, excitation of nuclei is removed in an ava-
lanche-like manner, which is accompanied by the emission of a giant pulse of gamma quanta.

1. INTRODUCTION

Vain attempts to design a gamma-ray laser using
Maéssbauer phononless transitions in nuclei embedded
in a matrix of a solid, which have been undertaken dur-
ing many years (e.g., see [1-4]), cause us to think of
alternative approaches to this problem.

In fact, the reason for considering the possibility of
using phononless nuclear transitions is associated with
the fact that such transitions provide an opportunity to
increase the cross section of stimulated emission by
narrowing the line width of spontaneous emission to its
limit through eliminating the influence of the thermal
motion of atoms. In this context, a Mdssbauer line with
a natural radiative width can be considered as an ideal-
ized situation when the cross section of stimulated
_ emission ceases to depend on the matrix element of
transition and reaches its maximum.

It is unlikely that such an idealized situation can be
implemented in practice both because of various
sources of inhomogeneous broadening of nuclear lines
in solids, which are difficult to eliminate in operating
lasers, and because of homogeneous broadening due to
the presence of other, parallel to radiative transitions,
channels of relaxation of excited states (primarily
through inner conversion). In addition, it is impossible
to implement an ideal situation because the width of the
lower laser level is finite if this level does not coincide
with the ground state.

Therefore, in order to increase the cross section of
stimulated emission, we should search for the methods
to achieve the maximum narrowing of the spontaneous
emission line rather than seek for the conditions when
a phononless Mossbauer line with a natural width can be
obtained. Within the framework of such an approach,
there is no need to place nuclei in a matrix of a solid,
which considerably complicates the technique [1-4].

This brings us to the consideration of free nuclei in
gases and beams of particles [5-9].

The main source of line broadening that is to be
eliminated in such a situation is a chaotic motion of
nuclei (including thermal motion). Analysis of the
required narrowing of a Doppler line corresponding to
a one-photon transition [5-7] by ensuring a monoki-
netic motion of nuclei in the longitudinal direction with
respect to the expected direction of the beam of gamma
quanta indicates the necessity of lowering the effective
longitudinal temperature of atoms or ions down to a
submicrokelvin level, which seems to be not impossi-
ble to date. However, there exists an alternative method
that makes it possible to eliminate an adverse effect of
the chaotic motion of nuclei [8, 9] and that does not
imply deep cooling. This method is based on a rich
experience of sub-Doppler two-quantum spectroscopy.

2. TWO-QUANTUM STIMULATED EMISSION
IN COUNTERPROPAGATING PHOTON BEAMS

As it follows from energy and momentum conserva-
tion in the emission of two photons with exactly oppo-
site directions of wave vectors, the photon energies hw,
and 7, are related to the energy E, = fi, of the quan-
tum transition by the expression

fi(w, +®,) = Ey+fdo(u/c)
—(hd0)/(2McD),

where M is the mass of the emitter, 8® = ®, — @, is the
frequency detuning of counterpropagating photons, u is
the projection of the emitter velocity on the direction of
the wave vectors of the first phdfon, and c is the speed
of light. :

Let us assume, first, that the homogeneous line
width Aw, of the laser transition is negligibly small

M
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(Aw, = 0). Then, as can be seen from (1), all the emit-
ters with any individual velocities (a chaotic spread of
these velocities causes inhomogeneous broadening) are
involved in the process of emission into the selected
central mode only when the frequencies of two photons
resulting from the two-quantum transition exactly coin-
cide with each other, ®, = @, = 0y/2, i.e., dw = 0. If
5w # 0, only a part of emitters having the velocity u
determined by (1) contribute to the emission of a cer-
tain mode with ®, # @,. As is well known, these simple
facts, which can be reduced to the compensation for the
first-order Doppler frequency shift for counterpropagat-
ing beams of photons with equal frequencies, provide the
basis for the method of sub-Doppler spectroscopy.

Now, if we take into account that the homogeneous
line width of the transition Awy is finite, then we find
from (1) that emission involving virtually all emitters
with arbitrary velocities is possible not only for the cen-
fral mode with ®; = ®, = @y/2 and 3 = 0 but also for
a group of modes with 8w # 0. Each mode from this
group has a homogeneous line width Aw,. The admis-

sible frequency detuning for this group of modes is .

determined by the requirement that the difference of
sum frequencies of emitted photons should not exceed
the homogeneous line width of the transition,

@

where the extremal values of frequencies correspond to
the maximum, Upy,y, and minimum, Upin, values of the
velocity distribution of emitters with a variance Au =
Uz — Umin- Then, in accordance with (1), the admissible
detuning is given by

((Dl + mZ)mnx - ((D| + mz)min < A(J)o,

|8wo| = Awg(c/Au), 3)
and the number of modes in such a group’ is
N = lsmol/Awo = C/Au > 1. (4)

- In a certain sense, the detuning dw, in (3) can be con-
sidered as a specific type of inhomogeneous broaden-
ing that does not exclude the overwhelming majority of
emitters from the interaction with the field of each
mode from this group.

Thus, when we irradiate an inverted ensemble of
nuclei with two counterpropagating igniting photon
beams produced by an external source, the spectrum of
stimulated emission displays a maximum with a
width on the order of |8} (3) around the central fre-
quency ©; =W, = /2 (with an accuracy up to a small
shift —#(dwy)(2Mc?), which is due to the recoil
effect). This maximum consists of N modes (4) with a
homogeneous width Aw, each and represents the con-
tribution of virtually all nuclei with all possible veloci-
ties of chaotic longitudinal motion. Beyond the limits
of the frequency range determined by (3), this maxi-
mum is observed against a lower intensity background
associated with emission of separate groups of nuclei
that belong to different parts of the nuclear velocity dis-
tribution.
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Thus, the above-described approach eliminates an
adverse effect of a nonmonokinetic charactek of an
ensemble of free nuclei without a deep cooling of these
nuclei. Simultaneously, as will be demonstrated below,
this approach makes it possible to establish an effective
feedback within the gamma range, where the creation
of mirrors or some other reflective structures encoun-
ters considerable difficulties.

3. AMPLIFICATION
OF COUNTERPROPAGATING BEAMS
OF GAMMA QUANTA

The steady-state amplification of counterpropagat-
ing beams of gamma quanta that belong to one of N
modes (4) in the considered group of modes with flux
densities 7 and I* [cm? s'] within the spectral band
A, is governed by the equations

dl/dz = B(ny—n)II* +yny(1 + pI*)

+ Woon, —onl,

&)

—dl*/dz = B(nz—'nl)ll* + Ynz(l* + p.I)

+ WoOlry — Gnl*,

©

where n, and n, are the concentrations of nuclei in the
upper and lower levels of the laser transition, respec-
tively, and n is the total concentration of nuclei. The
first terms in these equations describe stimulated two-
quantum emission with a coefficient B [cm®* s]. The sec-
ond terms take into account spontaneous—stimulated
emission of the beams with flux densities / and I* into
the considered modes with a coefficient ¥ [cm?]. The
third terms describe purely spontaneous emission into
the same modes with a coefficient & [s~']. The last term
characterizes the total loss of photons from the mode
with a scattering cross section © [cm?]. The factors i =
AQ/4m and [ = PA®y/ 0, specify the fractions of pho-
tons emitted into a solid angle AQ that covers the
modes of the beams I and [* and into the band with a
homogeneous width Awy, respectively. The longitudi-
nal coordinate z is chosen in such a manner that z = 0

coincides with the center of the gain region of length L.
A positive gain with dl/dz >0 and —dI*/dz > 0 is
achieved if

B(ny—nII*
> (1/2)[on-yny(1 + )T + I*) - 1oon,.

Hence, if the intensities of the igniting photon beams

satisfy the equality I = I* = [; at the input of the gain

region, we find the following threshold condition of

ignition: :

~ Ii>1050'" Y"zo(l’fll)'
Bno

Since the factor |1, is small, we omitted the last term in
(7), which is responsible for spontaneous emission.

M
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The quantity ngy = nyy — nyo in (8) stands for the initial

value of the inverted population, and n,, is the concen- ~

tration of excited nuclei in the upper level of the laser
transition in the absence of an igniting photon beam.

If the beam intensities / and /* are much higher than

the threshold level determined by (8), so that I7* > 13 ,

inequality (7) becomes so strong that we can keep only the
first terms in (5) and (6). Then, we have d(I + I*)/dz =0
and I + I* = I, + I, = const, where I is the intensity of
the beams 7 and I* at the output of the gain region, i.e.,
at z=L/2 and z = -L/2, respectively. Correspondingly,
equation (5) is reduced to

dl/dz = B(ny—n)I(;+1,-1), ®

and the steady-state inverted population difference for
the laser levels is given by

= o
1+11+/17

where the saturation parameter /; depends on the specific
configuration of levels and the method of pumping.

10

ny—n,

4. DYNAMICS OF AMPLIFICATION
IN A TWO-QUANTUM PROCESS

Integration of equation (9) with allowance for the sat-
uration of excessive population (10) yields a transcen-
dental equation for the pure output intensity Iy = I, - I;
-emerging from a gain region of length L,

Iy I; -1 Iy Iy _
2(1—‘4-2-[—') ln(—l—i+ 1)+—I—\. e B’lole- (11)

Figure 1 displays the dependence of Iy/I, on the prod-
uct Pnyl,L found from this equation, with the squared
ratio (I;/1,)? taken as a parameter of a family of curves.

Iy,

Py

L 1 L Ii

1
FE e =

T

‘.-—/ !
BnOIsL

Figure.
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The specific features of these curves are the lack of one-
te-one correspondence and a hysteresis character. For a
sufficiently high ignition intensity, (1,/1)* > 0.025, the
output intensity Iy/I; displays a smooth increase with a
growth in Bng/,L. Note that the growth rate of Iy/I;
becomes greater with an increase in [;/],. e

An ambiguity in the considered curves that occurs for
a low intensity of the igniting photon beam, (I/1,)* <
0.025, decreases the growth rate of I/ in the initial
section of the dependence. As the argument PnglL
reaches its critical value, the output intensity is
switched to the upper branch of the S-like curve in an
avalanche manner. This process is accompanied by an
abrupt devastation of the population (obviously, steady-
state solutions do not describe this effect), which gives
rise to the emission of a pulse of gamma photons.

When PBrgl,L decreases and approaches unstable
sections of the curves, shown by dashed lines in Fig. 1,
an evolution of I/, may be accompanied by a hyster-
esis with a jump downward.

The critical value of the product (Brgl,L),, that cor-
responds to an avalanche-like jump is determined by
the condition d(Iy/I,)/d(Bnyl L) = . With allowance
for (11), this condition yields .

(BnoI,L)m, _ 1 IN I,'
7 <1~/Is>c,+1,-/1,+(2)a+7,' i

As can be seen from this relationship, there are no critical
points for Prgl,L < 4 at any value of the parameter I /..
Provided that Pnyl.L > 4, critical points occur for suffi-
ciently small /;/I,. Within the most interesting range of
large avalanche-like jumps, where (BnglL), > 4, we
can estimate the required intensity of igniting pulses
assuming that (Iy/I,)., = O at the lower starting point of
the jump, ‘

13

Discontinuities and hysteresis in dependences
shown in Fig. 1 are due to the dynamic distributed feed-
back, which arises in induced two-quantum emission in
counterpropagating photon beams.

l,'/l_‘ = 2/(Bnol.‘L)cr.

5. DYNAMIC DISTRIBUTED FEEDBACK

One of the most complex problems that arise when
we analyze the possibility of creating a gamma-ray
laser is associated with the necessity to implement pos-
itive feedback for electromagnetic radiation where the
energy of photons exceeds tens of kiloelectronvolts.
Proposals to use Bragg reflection in single crystals for
creating mirrors and establishing distributed feedback
[1-3, 10] have not received acceptance thus far. ~ -
~  Within the framework of the approach under consider-
ation, one can also solve the problem of distributed feed-
back because such a feedback is inherent in stimulated
two-quantum emission in the field of two counterpropa-
gating beams of photons with equal frequencies [11].
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Such counterpropagating beams produce a standing
wave in the amplification region (the main attribute of
a feedback) in the absence of any mirrors or periodic
scattering structures. Formation of such a standing
wave does not require any material dynamic grating.

Indeed, conventional distributed feedback based on
a stationary periodic scattering structire [11] is charac-
terized by a nonzero coefficient of coupling p of coun-
terpropagating waves. This coupling coefficient is
defined as a variation in the photon flux density dI* in
the backward wave within length element dz divided by
the flux density I in the forward wave,

1dI*
pdz I dz
In an induced two-quantum process in the field of coun-
terpropagating waves, the photon flux density in the
backward wave changes in each event of stimulated
emission. Because of intrinsic features of induced
emission, newly created photons are perfectly phase-
matched and are emitted into an appropriate mode.
Therefore, according to (9), the nonlinear coefficient of
dynamic distributed feedback in induced two-photon
emission is given by

p = B(ny—n)I*
and increases proportionally to I*.

dz. (14)

(15)

6. TRANSITION PROBABILITIES
AND LINE BROADENING

The probability of a spontaneous—spontaneous two-
quantum transition accompanied by emission of one of
the photons within the spectral interval dw,; near the
frequency ®, per unit time is .

dW.\'.\' = W.uf(ml)dwh (16)
where W, = 'c;; is the inverse lifetime of a nucleus in
the upper level with respect to a two-quantum radiative
transition. The line contour of the frequency distribu-
tion of emitted photons f®;) normalized to unity is
written in terms of an integral over all admissible fre-
quencies ®, of the second quantum and over all emis-
sion directions of both quanta,

fl@) = (;:)J(ZW ‘2](%)(952)3

0,0,

X g(g — O — 00,)dQdQydw, a7
_ ‘zv_(ﬁ”_l)a(“’__f"")s My 4Q,dQ
aie e )] 2 o

@, = Wy - 0,

The Lorentz function g(ew,— ®; — ®,) in (17) witha
frequency bandwidth Aw,, which is equal to the sum of
the widths of the upper and lower levels, takes into
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account a resonant character of transition. For a pairof

“eléctrically dipole quanta (E1, E1) with frequeiicies o,

and o, and polarization vectors e; and e, (01, G2 =

1, 2), the matrix element M, is given by the sum over
intermediate nuclear states with energies E,,

(1le,,dln)nle, d12)

M12=2(

E2 - Ell - ﬁ(}),
" (18)
, (lleq din)nle,di2)
E,-E,-fio, )

If the neighboring intermediate level lies between the
levels involved in the considered 2 — 1 transition and
has an energy E, = fio, measured relative to the energy
of the lower level 1, and the energy separation of this
level from the center of the energy interval correspond-
ing to the transition under consideration, |E; — Ey/2}, is
much greater than the width of this level, then the
matrix element (18) is a nonresonant slowly varying
function within the frequency band centered at (o, = wy/2
whose spectral width is much less than |, — /2]
Using for these frequencies the estimate

I(ZWnIz] dQ,dQ,
9102 Wy = 0~ W (19)
2(2@)1 (ca)’
3 ) EX(1 -2E/Eg)”
we derive
v, = a(3)(5)(1-5)
(20

ai(a/A)
(1-2E./E,)’

where A, is the wavelength of radiation with the energy
of quanta equal to the energy E, of transition under con-
sideration, 0 = €%/(fic) = 1/137 is the fine-structure
constant, and a = 1.3 x 10734 c¢m is the radius of a
nucleus where the number of nucleons is equal to A.
Correspondingly, the coefficient ., which is involved in
equations (5) and (6) and which describes the contribu-
tion of spontaneous emission to the modes of counter-
propagating beams with frequencies close to half the
transition frequency, is given by

4 oa(a/Ay)*
= .
9(1-2E,/E,)

It is convenient to define the probability of stimu-
lated—spontaneous transitions per unit time with the use
of the Einstein relationship A(e,)/B(®,) = o] (%)
for spectral coefficients of spontaneous emission, A(oy),

dm,

o = (2n) (21)
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and stimulated emission, B(w,). Indeed, according to (16),
the spectral coefficient A(w,) of spontaneous emission
is equal to W, flw,). Then, using the Einstein relation-
ship, we can derive an expression for the probability of
stimulated—spontaneous transitions with Induced emis-
sion of photons within the spectral interval do; near the
frequency , (corresponding to the wavelength 1) per
unit time,

dW,, = A/ 8 W f(o)l(0)de,  (22)
where I(®,)dw, is the flux density of stimulating pho-
tons within the considered spectral band. Hence, with
the use of estimate (20), we can find an expression for
the constant 7y, which is involved in equations (5) and
(6) and which includes the contribution of stimulated—
spontaneous transitions to the modes of counterpropa-
gating beams with frequencies close to half the transi-
tion frequency (A; = 2A),

34 (13((1/7»0)4

2087 M) 52
9(1=2E,/Ey)*

Y = (2m) (23)

The probability of stimulated—stimulated transitions
with induced emission of photons within spectral inter-
vals dw, and dw, near the frequencies ®, and ®, per
unit time is given by

dW; = (A\L/8) A/ DWW, (@)

X g(Wg—®; — @)1 (@) I*(0,)dw,dw,,

24

where I(w,)dw,; and I*(®,)dw, are the flux densities of
stimulating photons. Correspondingly, the constant B
of stimulated two-quantum emission, which is involved

in equations (5) and (6), is written as (A, = A, = 2}q)
8m\? ala'/Ao
B = (_?:—t) __9___0_2. . (25)
(1-2E,/Ey)

To take into account the motion of emitters, we
should include the Doppler shift of the frequencies @,
and , in the right-hand side of (17). In particular, the
Lorentz functions should be replaced by the distribu-
tion function

(g — A(80)*/(2Mc?) + So(u/c) - ;- 0,), (26)

which gives the relation between the frequencies of
counterpropagating quanta emitted by a nucleus with
the velocity projection on the direction of emission of
the first quantum equal to u. Next, we should multiply
the derived expression by the probability that the veloc-
ity projection of a nucleus falls within the interval from
utou+du,

M ' My’
F(u)du = (m) exp(—-ik—T)du,

@n
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where M is the mass of the nucleus and T is the temper-

-ature of the gas, and integrate over all possible Velocity

projections of the nucleus. This procedure yields a
Doppler-broadened line corresponding to the fre-
quency distribution of emitted photons.

However, we should note that, if the frequency
detuning 8w between counterpropagating photon
beams is not very large, so that

1/2
50| < |80, = Awyc/Au = Awg(Mc'/kT)
(28)

where Au = (KT/M)'? is the variance of the nuclear
velocity corresponding to the distribution function
(27), we can neglect the Doppler term dwu/c in the
argument of the Lorentz function (26) for the over-
whelming majority of the emitters.

Provided that, in addition, the term A(8w)%/(2Mc?) in
the argument of the function (26), which describes the
recoil effect in emission, is much less than the homoge-
neous width Ay, of the transition, which is true for the
detunings that satisfy the inequality

12
1800 < Awy(2Mc*/hAm,) (29)

we can neglect this term as well.

Comparison of inequalities (28) and (29) shows
that, if 2kT > #Aw,, which is usually true for nuclear
transitions, the Lorentz function (26) for a moving
nucleus can be replaced by the Lorentz function for a
motionless nucleus. Then, the integration over all pos-
sible velocity projections u is reduced to the integration
of F(u) defined by (27), which yields unity. This
implies that stimulated emission into a group of modes
within the band (28) near the central frequency /2
involves virtually all nuclei in the gas. As a result, the
spectrum of stimulated emission features a maximum
with a width on the order of |8w,| = Awyc/ Au near the
central frequency ®,/2.

Note also that, for the overwhelming majority of
nuclei in a gas, the Doppler shift of frequencies of emit-
ted quanta should not exceed the frequency separation
from the neighboring intermediate level. Otherwise, in
analyzing the motion of nuclei, we should take into
account resonant denominators in the matrix element
M|, (18), and the estimate (20) and, consequently, for-
mulas (21), (23), and (25) become inapplicable. In
addition, what is even more important, in the case of an
exact resonance, stimulated two-quantum transitions
do not offer the above-considered advantages any
longer because such transitions *occur through two
sequential cascade single-quantum transitions 2 —= §
and s — 1. Thus, although it is desirable to ensure a
small denominator in the expression for the constant
of stimulated two-quantum emission (25), the detuning
from the exact resonance should be limited by a value
that is considerably greater than half the Doppler width
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of the line corresponding to a single-quantum cascade
transition,

(1-2E/Ey)* > 2(kT/Mc")In2
~12x107%(T/A).

To be able to neglect the components of homogeneous
broadening due to a finite transit time and collisions, we
should require that the inverse transit time (A)™! of nuclei
through the amplification region and the inverse time
interval between collisions should be small, (A)~! < A,
These requirements impose restrictions on the size of
the amplification region and the total concentration of
nuclei n,

(30)

172
L> u/Aw, = (c/Awg)(3kT/McY) ~,  (31)

172
n < Awy/(0u) = (Awy/co)(Mc*/3kT) , (32)

where u = (3kT/M)'2 is the root-mean-square velocity
of the thermal motion of nuclei and o, is the gas-kinetic
cross section.

Finally, the second-order Doppler broadening,
which is inevitable in a two-quantum process, should
be less than the homogeneous width,

A0? = 0y(kT/Mc?) < Aw,. (33)

Along with the thermal motion of nuclei, Doppler
broadening may be due to the scatter in velocities
acquired by nuclei in the process of laser pumping if the
time is too short for the thermalization of nuclei to
occur. Specifically, being isotropically pumped with an
incoherent source of gamma photons with an energy
fiw,, a nucleus acquires a momentum fiw,/c of an
absorbed quantum. The maximum possible velocity
difference is equal to twice the acquired velocity,
zc(ﬁmp/MCZ), which gives an estimate for the corre-
sponding effective temperature:

kT = (ho,)’/ (Mc"). (34)

7. NUMERICAL ESTIMATES

In this section, we present estimates for a hypothet-
ical “fortunate” nucleus with A = 150 and an intermedi-
ate level s lying between the levels involved in the laser
transition with a detuning |1 — 2E,/Eg] =2 x 10°%. Then,
at T = 300 K, inequality (30) would be satisfied even if
the right-hand side of this equality were larger by a factor
of ten. For such a detuning, expressions (23) and (25)
give the following estimate for the constant of stimulated
emission: B = (2.3 x 100 cm®)/ Awy,. For Ey= 10° eV, the
constant of spontaneous-stimulated emission is esti-
mated as y= 2.4 X 1022 cm?.

In accordance with (8), the threshold spectral flux
density of igniting photons can be estimated as I/Awy =
3 x 10'8 cm2, where we assumed that ny = 0.8n and
No.5 1996
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ng = 0.6n and took into account that the scattering of

“ gamma quanta with an energy of about 50 keV mainly

occurs through photoionization of atoms with the scat-

tering cross section ¢ = 6 x 10722 cm?.

With allowance for (13), the requirement I; > I (8)
yields (L), < 3 x 10?! cm2. This inequality can be sat-
isfied, for example, with ng =107 cm™ and L = 200 m.

For 0, = 10716 cm?, restrictions (31) and (32) give L> .

(2.2 x 10* cm s7')/ Awy and n <€ (4.5 x 10! cm™ 5)Aw,.
These inequalities do not contradict the chosen values
of the inverted population n, (the concentration of
nuclei in this case is 7 = ny/0.6 = 1.7 x 10! cm™) and
the size L of the amplification region if the emission
bandwidth meets the condition Aw, > 10°® s!. The
restriction (33) on the magnitude of the second-order

Doppler effect is reduced to the inequality A(og) =2X

107 s”! < Aw,. An estimate of the effective heating by -

pumping in accordance with (34) yields T = 10 K,
which is much lower than the temperature of the
medium, T =300 K.

According to (13), the critical spectral density of
the photon flux in the 'zgniting beams is estimated as
I"/A(Do =43X 1018 cm e,

Finally, let us compare the estimated spectral den-
sity of the photon flux in the igniting beams with the
capabilities of the available sources of gamma radia-
tion. The spectral density of the photon flux in synchro-
tron radiation (within a solid angle of 10-° sr) is esti-
mated as approximately 10 cm [12], which is many
orders of magnitude lower than the required value of
1,/ Aw,. Although X-ray lasers ensure a higher spectral
density of the photon flux, about 10'5 cm [12], such a
spectral density of the photon flux is lower than the
required one by three orders of magnitude. In addition,
the pulse duration of radiation produced by X-ray
lasers is not sufficient to ensure ignition.

8. STIMULATION OF GAMMA EMISSION
FROM NUCLEI AS A METHOD =
OF ECOLOGICALLY SAFE POWER
PRODUCTION

The horizons of using stimulated radiative processes
in nuclei for power production were discussed already
in the pioneering proposals on gamma-ray lasers. Spe-
cifically, creating a nuclear reactor that can be used as
a source of energy both in the pulse and continuous
regimes was indicated as one of the main applications
of the device proposed in [13]. . :

In fact, operation of a gamma-ray laser is one of the
modifications of nuclear reactions, namely, a chain reac-
tion of induced transitions in excited nuclei. This circum-
stance was highlighted in the title of the first technical
report on this problem (see reference 5] in [14]).

The. energy accumulated by excited states of iso-
meric nuclei is about 50 MJ/g (see table), which is
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Table

Isomer 41Nb93m 47AgIOSm 67Hol;6m 72Hfl78m 73TalSOm 75Rel%m 77Irl92m stiIIOM
Lifetime, years 136 127 {12x10°| 31 |1.2x10%} 2x10° 241 3x 108
Transition energy, keV 30 79 75 262
Spin of the initial state 1/2- 6 7 9- 9-
Spin of the final state 92t 1 2" 0* 1* 1~
Multipolarity M4 M5 ES M8 E8
Energy content, MJ/g 31 70 40 120
Time of transformation of a prod- 0 2.4 min 27h 0 8.1h 91 h 74 days | 138 days
uct into a stable isotope

approximately two orders of magnitude lower than the
specific energy content of nuclear fuel used in nuclear
fission and three orders of magnitude higher than the
heat-producing capability of hydrocarbon chemical
fuel. Advantages and drawbacks of such an intermedi-
ate position of energy released in gamma emission
determine the status of possible gamma-laser chain
reaction in the hierarchy of power production. The
main argument in favor of such a method of power pro-
duction is its ecological safety, i.e., the absence of
medium- and long-lived radionuclides in the products
of this reaction (see table).

Being implemented in the pulse-periodic regime,
the above-considered method of the external ignition of
a stimulated radiative nuclear reaction holds much
promise as one of the ways to solve the problem of eco-
logically safe power production.

9. CONCLUSION

The performed analysis reveals the main advantages
and drawbacks of the method of external ignition of
stimulated two-quantum emission from: free excited
nuclei using counterpropagating photon beams. The
advantages and drawbacks of this technique can be
“summarized as follows:

(1) In contrast to single-quantum emission in an
ensemble of nuclei with a Doppler-broadened gain line,
emission of gamma quanta into a selected mode
involves virtually all nuclei regardless of their individ-
ual velocities;

(2) A specific dynamic distributed feedback, which
is characteristic of stimulated two-quantum emission in
counterpropagating beams only, is established in the
absence of any reflective structures;

(3) Because of the nonlinearity of the feedback, with
a coefficient proportional to the intensity of the photon
beam, excitation of nuclei is removed in an avalanche-
like manner, which is accompanied by the emission of
a giant pulse of gamma quanta;

(4) At present, the implementation of such a process
is impeded by the absence of sources of igniting
gamma quanta with a sufficient intensity. Therefore, the
advantages of the proposed technique may manifest
themselves only in designing a final stage of a source of
gamma quanta (e.g., in an X-ray or gamma-ray laser,
relativistic undulator, free-electron laser, etc.) for pro-
ducing a short pulse of gamma photons with a high
peak amplitude.
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Abstract

Induced annihilation of positronium atoms ignited by two counterproragating intense
photon beams is discussed. The performed analysis reveals the main advantages and
drawbacks of the method of external ignition of induced annihilation of positronium atoms,
which can be summarized as follows:

e A specific dynamic distributed feedback, which is characteristic of induced two-quantum
emission in counterpropagating photon beams only, is established in the absence of any
reflecting structures. -

e Due to nonlinearity of the feedback, the induced annihilation of positronium atoms is

realized in avalanche-like manner, which is accompanied by the emission of a giant pulse of

coherent gamma quanta.

e It is possible to lower the requirements to the igniting photon source by making use of a
relativistic motion of positronium atoms to reduce the photon energy, the photon density
and the angular divergence of one of the igniting beam.

e There might be no need in the second external igniting beam at all. The spontaneous
photons emitted in spontaneous-stimulated annihilation transitions caused by the first
igniting photon beam only are perfectly matched both in frequency and direction to play
the role of the contrary igniting photon beam.

e At present, the implementation of such a process is impeded by the absence of
monokinetized positronium beams and by the absence of sources of igniting photons,
which combine a sufficient pulse duration with high brightness.
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MHﬂyuMpOBaHHaH aAHHUrUnNAUna atToMmoB NO3NTPOHUA NpU BHELLHEM

nogxure
A.A.3adeproeckul, J1.A.Puenux

1. BBegeHue

AHTMMATepus, KaKk MAeaNbHbI MCTOYHHK COCTOSHMH C  OTpHLATENbHOMH
temneparypoit [1, 2], naBHO mpuBNEKaeT BHUMAaHWE MCCIENOBATENEH, MINYIIUX MYyTH K
TOJIyYEHHI0 KOTEPEHTHOH TIeHepaluH raMMa-KBaHTOB M, B KOHEYHOM MTOTe, CO3JaHHIO
ramMma nasepa. OcoOeHHO 4acTo, Kak HaMMeHee SK30THYECKas, pacCMaTpHBAaJlaChb B 3TOM
OTHOIIEHUH PeaKlMsi aHHUTHISILUY 3JIEKTPOHOB M Mo3uTpoHoB [3-10]. B panno#t pabote
HCCNENYeTCsl BO3MOXKHOCTh BHELIHEro IIO[DKHra BCTPEUHBIMH (DOTOHHBIMH ITy4YKaMH

NaBUHOOOPa3HOM MHAYLMPOBAHHONW aHHUTHIALUH ATOMOB NO3UTPOHMS.

Kax usBectHO [11], npy MasibIX OTHOCHTENBHBIX CKOPOCTSX CBOOOAHBIX 3JIEKTPOHOB
1 MO3UTPOHOB VQC (& - MOCTOSIHHASL TOHKOM CTPYKTYpEI, C - CKOPOCTb CBETa B BaKyyMe)
CTAHOBHTCS CYLIECTBEHHBIM KYJOHOBCKOE TMPUTSXKEHHE MEXIy 4YacTHLAMH M MX
AHHMTUISIUMS. TIPOMCXOAUT B GONBIIMHCTBE CIy4aeB 4epe3 CTaauo 0bpa3oBaHusA
BOZIOPOJONONOGHOrO CBA3AHHOTO COCTOSHHMSA 3JIEKTPOHA U MO3UTPOHA - aTOMA IIO3UTPOHMSL.
B Hu3LIEM 3HEPreTMYECKOM COCTOSIHUM aTOM MO3WUTPOHMA CYLIECTBYeT B IBYX BHAAX: C
aHTUNAPAVIENbHBIMH  CIIMHAMHM  3JIEKTPOHA W MO3MTPOHA  (Napamo3uTpOHMH) H
napajieNibHBIMHA  CIIHHAMH  3JIEKTPOHAa M MO3MTpoHa (opromo3utpoHuit). OcHoBHOE
COCTOSIHME OPTOMO30TPOHMSA CO CIIHHOM PaBHBIM EAMHMLE TPEXKPATHO BBIPOXKAEHO IO
MPOEKLHsIM CIIMHA U [TO3TOMY aTOMOB OPTOMNO3UTPOHMsA 00pasyercs B TpH pasa GoJblue, ueM
aTOMOB Napano3uTPOHMs. B CHIly 3aKOHOB COXpaHEHMsl 3HEPTUM M MMITyJIbca U 3aKOHA
COXpaHEeHUs] 3apsOOBOH UYETHOCTH MPH 3NEKTPOMArHUTHBIX B3aUMOAEHCTBUSIX, aTOM
Napano3vTPOHHUs aHHUTMIUPYET C HCITYCKAaHHEM TOJIbKO 4E€THOro uucna (asyx u Gonee)
(GOTOHOB, a aTOM OPTOMO3UTPOHHUS - C UCHYCKaHMEM TOJILKO HEYeTHOro uucma (Tpex ,u
Gonee) ¢oroHoB. B cBAsM ¢ 3TMM, 06a BHMOA aTOMOB TO3WUTPOHHS, OKA3bLIBAIOTCA
4pe3BbIYafHO TNpPUBIEKATENbHBIMM M1 NPUMEHEHWs METONAa BHEIIHEro HOJUKHUIa

MHIYLUPOBAHHOW aHHUTWJIALMHU C TOMOILBIO BCTPEYHBIX HHTEHCHBHBIX (POTOHHBIX ITyUYKOB.
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2. MeToA BHEWIHEro NOAXura UHAYLMPOBAHHOW aHHUTUAALMUU NMNO3UTPOHUSA

MeTon BHELIHEro MOMKUra BCTPEYHBIMH (POTOHHBIMHU IYUKAMM JIByXKBaHTOBOT'O
mpoliecca CTUMYJHPOBAaHHOTO HCIyCKaHHs Brepebie npemiokeH B [12]. Bosmoxuocts
MPUMEHEHUs. 3TOTO METOAA K KOJEKTHBY CBOOOIHBIX BO3OYXIEHHBIX AAEp MOAPOOHO
paccmortpena B [13]. IlokasaHo, 4To B OTJIMYHE OT éz[HOKBaHTOBoro npoLecca UCIYCKaHUs ¢
JOIIEPOBCKUM YIIMPEHHUEM JIMHHM YCHIEHHs, B MPOLECC HHAYUMPOBAHHOIO M3JyYECHHS
raMMa KBaHTOB BO BCTPEYHBIX My4kaX (OTOHOB C OHEPrHsIMH ONUSKMMHM K IOJOBHHE
3HEpPruM SAEPHOTO MEepexo/a BOBJEKAIOTCA MNPAKTHYECKH BCE sAPA, HE3aBUCHMMO OT MX
cnyﬁaﬁﬂbxx MHIUBUAyaNbHBIX ckopocteil. IIpu 3TOM, ycTaHaBnuMBaeTcs NPUCYMIMH JIHUIIB
JIByXKBAHTOBOMY CTUMYJIHMPOBAHHOMY HMCIYCKAaHUIO CHEUMAJIbHBIA BHUA AWHAMUYECKOH
pacrpezienieHHOi 06paTHO#t cBasu Ge3 kakux-nmubo oTpaxaromux cTpykryp. Henunelinocts
oOpaTHOM  CBA3M  BbI3BIBAaeT  JIaBUHOOOpa3sHOe  CHATHE  BO3OYXIeHUs  smep,

COMPOBOXXAAIOLIEECs U3ITy4YEHHEM rHTaHTCKOTO UMIynbCa raMMa KBaHTOB.

IIpuMeHeHHe METOAa BHELIHErO MOMXHra K aHcaMOJro aTOMOB MO3HTPOHMS MMEET
pan ocobenHocteit [14] , oOycnoBIEHHBIX AHHUIWISILMEN MO3UTPOHMS B MpoLecce
M3y4EHHUs], TO €CTh MCYE3HOBEHHEM HOCHTEJ MMITYJIbCa NP UCIYyCKAaHWM TaMMa KBAaHTOB.
B cBA3M C OSTHM, HamnpuMep, AHHUTWLALUS IIOKOALIErocs aToMa Mapano3UTPOHHUS

CONPOBOXKIAETCS HCIYCKaHHEM JBYX KBAHTOB CTPOrO NPOTHBOMOJIOXHOIO HANPABICHUT M
. o .
onuuakoBoil sueprun A, ~ mc” = 0,511 Mbss , pasHoli MoJOBHHE HEPrUH OCHOBHOrO

cocTosHus. JIBMKYLIMIACS e ¢ HEKOTOPO# CKOPOCTBIO V aTOM Maparo3uTPOHUS HE MOXKET

(8 otnmume OT CBOOORHOroO sApa) MCIYCTHTL [Ba OIMHAKOBBIX [aMMa KBAHTA B
NPOTUBOMOJNOXKHBIX ~ HAaNpaBleHHAX. AHHUTHIALMSA — Maparno3WTPOHHS  MPENATCTBYET
BBIMOJHEHHIO 3aKOHA COXpPaHEHWs: HMIyJeca B 3ToM npouecce. IlosTomy muHuA

AHHUTWJIAMOHHOIO HU3JIyY€HHS KOJUJIEKTHBA aTOMOB I1apano3uTPOHUs UMEET NOILUIEPOBCKYIO

mupuy A@pu npu o6aydeHMH BCTPEUHBIMH TMOJKHMTAOUIMMH MyuKamd (OTOHOB,
COCPENOTOUEHHBIX B 4acTOTHOM monoce A@ BOMM3KM wacTOoTHl @), , B mpOLECC

HHI[yquOB&HHOﬁ AQHHUIMWJBIUUKA  OKa3bIBAKOTCA  BOBJICUHCHHBIMU JIMIOBb Majlad JdOJIL

&= Aw/Awy artoMOB NO3UTPOHKS, NPHHALIEKAIMX LEHTPANbHOMY YHaCTKy HX

CKOpOCTHOTO pacnpenenenus B6nusu v=0 .




Bo3Hukawoue B CBA3M C 3TUM nosﬁim:'sﬂnbxe TpeOOoBaHUA K MOHOKMHETHYHOCTH
TMy4Ka aTOMOB TMO3UTPOHHUs MOTYT OBITE YAOBJETBOPEHB! C NOMOLIBIO PA3NUYHBLIX METOJOB
NpeBapUTENbHOH MOHOKMHETH3AlMM 3NEKTPOHHOrO M MO3UTPOHHOrO IMY4KOB, IPH
CMELIMBaHUM KOTOPbIX oOpasyercs mo3uTponuil. IlpocTedivM U3 HUX SIBJSIETCH METON
YCKOPEHUs 3apSUKEHHBIX HYacTHL MpPH  OHOBPEMEHHOM BO3IEHCTBHH HMITYIILCHOTO
3JIEKTPUYECKOrO MOJsi HA BCE YACTHUBI, COAEPXKAUIMECS B MEXIJIEKTPOJHOM MPOMEXYTKE
[15].

BaXXHbIM MpPEMMYLIECTBOM AaTOMOB MO3UTPOHUS MEpEeN  SAApaMu  SBJSETCA
BO3MOXHOCTb HCIIONIb30BAHMS PEJATUBMCTCKUX MO3UTPOHUEBBIX IYYKOB, YTO CyLIECTBEHHO

CHHXKACT Tpe6OBaHI'lfl K UCTOYHHUKY NOIXKUTAOLIUX (bOTOHOB BCTPEYHOI'0 HallpaBJICHMA. Tarc,

SHEprysl MOMKHMrAloINX (OTOHOB, KOTOpas B CHCTEME MOKOS Mapano3dTPOHMs JOJDKHA
y 2 ,
6biTh pasHoii fiw, ® mc” = 0,511 Mas Moxer GbiTh yMeHbLIeHa 61aroaapst JOMIEPOBCKOM

TpaHchOpMaLH A0 BEJIUUHHBI hcoign, onpenensieMoil paBeHCTBOM

ho. = m02
R (s Ve 1)

re Y - peNsTMBUCTCKMI (hakTop mMyuka aTOMOB MO3UTPOHMsA. Hanpumep, npu sHeprum

3J€KTPOHOB U MO3UTPOHOB B IyHKe m027 ~ 260 Mbss (¥ = 500 ) sneprus nomxuraromux

3 .
doToHOB MOxKeT GbITh ymenbiena B 10° pas u crats pasHoit fiw;,, =0,513B.

OLIHOBpCMeHHO C 3THM, B CHCTEMC KOOpIHWHAT IlBH)KyuICﬁCﬂ BMECTC C aToMaMH

IMO3UTPOHUS B }/ pa3 yBEJIHMYUBACTCs IMJIOTHOCTD d)OTOHOB BO BCTPE€YHOM MMOJXHUIaromeM

' 2
2 1/2
nyuke, a yriosas pacxomumocts AL) yMmeHbinaercs B [7+(}/ —1)/ ] ~4y* pas. B
pe3yJsisTarte, SpKOCTh (CHEKTPaJbHO-YIJOBas IUIOTHOCTh MOTOKa (DOTOHOB) 3TOrO MyHKa
3
doToHoB Bo3pactaer B 4y~ pas, 4TO A1 NPUBENEHHOTO YMCIEHHOTO NMPUMEPA COCTABIAET

sHaunTenbHyto Benwumnny 5.10% .

-~

~
Pasymeercst apyroii myuok (OTOHOB, COBMAJANOIIMH C HAmNpaBICHHUEM MABKOKEHHS

aTOMOB TIO3UTPOHHs, HCIBITBIBAET OOpaTHYIO TpaHC()OpMAlMIO M, MO3TOMY, 3HEPrus

MO/DKMTAIOMuUX (POTOHOB B HEM [OJDKHA OBITH YPEe3BBHIMAHHO GOMBLIOH 2m027 =0,5IB.
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Cremyer OTMETUTb, OJHAKO, YTO (OTOHEI ;{yicﬂofd SHEPTMHM M HY>XHOTO HanpaBlIeHUA
POSKIAIOTCs B KaXJOM aKTe JByXKBAaHTOBOW CITOHTaHHO-CTHMYJMPOBAHHOM H3Iy4aTeNbHOM
AHHUTHWJIHHYA aTOMOB IMapanoO3uTpPOHUA, BbI3BaHHO¥ OAHHUM TOJIBKO NEPBBIM IMOJKUTaAO UM
my4koM. B Takux pafiMaLMOHHBIX MEPeXoAax BHEINHEE 3JEKTPOMArHUTHOE U3JIyYeHHE
CTUMYJIMPYET JMLIb ONHY YacCTb JBYXKBaHTOBOI'O Nepexoaa K MCHYCKaHUIO ¢doroHa, BTOpOIi
ke (OTOH H3JIy4aercst crioHTaHHo. IIpu 3TOM, COrnacHO 3aKOHaM COXpaHEHHs SHEPriH W
UMITyJIbCa B CHUCTEME IIOKOsS aTOMa MO3UTPOHHA 4acTOThl 000MX (OTOHOB COBNAJAOT, a
HalpaBJieHUE BbLIETA CIHOHTAHHOrO ()OTOHA CTPOr0 NPOTHMBOIOJIOXKHO HANPABICHHIO
CTUMYJIMPYIOLIEro U3Ty4eHus. PoxaeHHble TAKUM 00pa3oM CIOHTaHHbIE (POTOHBI HAEAIBHO
NOOXONAT Ui TMOCJEOYIOLIEro Yy4acTHsd B aKTaX JBYXKBAaHTOBOH CTHUMYJHPOBaHHO-
CTHMYJMPOBaHHOM AaHHWUTWIALMH aTOMOB MO3UTPOHUS W, CIEOBaTENbHO, MOTYT HMIpaTh

pOJib BTOPOT'O MOJKHIaAlOIIEro Iryyka.

HCOGXOJII/IMO NOAYCPKHYTh, YTO TaKas >KE€CTKasi CBA3b MEXNY CTUMYJIHPOBaAHHBIM H
CIMOHTAaHHbBIM (bOTOHaMI/[ YHHKajlbHa HWMEHHO MOJid [ponecca aHHUIWJIaluuH, Koraa
NOPOUCXOOAUT MCHE3HOBEHUE H3ITydaTel. HpPI AOCPHBIX OBYXKBAHTOBBIX CIIOHTAaHHO-

CTUMYJIMPOBAHHBIX IEPEXOaax YroJ BbUIETA CIIOHTAHHOIO (bOTOHa Mo OTHOUWIEHHK K

HAaNpaBJIEHUIO CTUMYJIMPYIOLIETO H3JyYeHHs] MOXET H3MEHATHCS B MpOoKux npexenax ot 0
10 27T, a UMITyJIbC OTAAYM IPUHUMAET Ha cebst sapo.

CrneuuduueckumMu  cBoiicTBamMu o0najaeT BHEIIHUN MOKUI TPEXKBaHTOBOW

HUHIYLIMPOBAHHON aHHUTHUJIILMM OPTONO3UTPOHMA. B CHIly 3aKOHOB COXpaHEHMs SHEpruH U

ummynbca, 3Hepruu Aw, i@, ,fiw; Tpex WCHYMEHHBX AHHUTWLILMOHHBIX (OTOHOB

2
JOJDKHBI M306paXKaThCsl IJIMHAMH CTOPOH TPEYrojibHUKa ¢ mepumerpom 2mc” . Iostomy
BEKTOPBl HMMITYJIbCOB 3THX (OTOHOB M YIJIbl MEXAY HHMHU IOJHOCTBIO ONpPENESSFOTCS

3anaHueM sHepruil naByx ¢ortoHos. Ilpu 3ToM, ecnu gBa (HOTOHA MMEIOT CYMMApPHYIO

2 .
suepruto A@, +Aw, = MC”, To UMITyIIbLCHI BCEX TPeX (HOTOHOB HOJDKHBI JIEKATh HA OHOM

. . . 2 g -
npsiMoii ¥ TpeTHii QOTOH ¢ 3Hepruei ha)3 =IMC" HCITyCKaeTCs B HAIpaBJIE€HHUU B TOUHOCTU

00paTHOM HaIPaBJIEHHIO UCITyCKaHUA MEPBBIX ABYX. JUIA BHELIHEro MOMKUra “IOJHOCTBIO”
CTUMYJIMPOBAaHHOH aHHMIWIALMKM Tenepb nortpedyercs Tpu myuyka (GOTOHOB - nBa

napauiejbHbIX B OAHOM HanpaBJI€HUHU H OAHH B IIPOTHBOITIOJIOXXHOM HallpaBJICHHH.



Ocofoe  3HAuYeHWEe HMeeT  BHIPOJKIAEHHBIA  CIIydail  paBEHCTBA  SHEPruii

2
ho, =hw, =mc / 2, Xorja 1Ba MapajuleibHbIX MOTOKa (HOTOHOB OAHOIO HANpaBIeHHs
CIUBAIOTC B OJUH IOTOK, KaXAbl (POTOH KOTOPOro HMHAYLMPYET B aKT€ AHHUIMJIALHUH

OPTOMO3UTPOHMS HCITyCKAHKE CPa3y ABYX KBAHTOB C JHepruei ho = mcz/ 2. B pesynsrate
k03 GULMEHT yCHIIEHHs 3TOro Imy4ka GOTOHOB BO3pacTaeT BABOE 110 CPABHEHHIO C IyYKOM
BcTpeuHbix  ¢ortoHoB. Ilpu  3TOM, yClOBMA  HOMJIEPOBCKOrO  PENSTHBMCTCKOIO
npeo6pa3oBaHysl YaCTOTBI MOKUTAIOIIUX (POTOHOB B 5TOM Iy4ke BABOE GOJiee MATKHUE, YeM
MpY TOKMre [ABYXKBAHTOBOH HHIYLHPOBAHHOM aHHUIWIAUMM mapano3utponus (1).

Harpumep, MPH SHEPrUH MOMKMIAIMNX (HOTOHOB @, =0,5x3B Tenepy moctatouHo

JCTIOJIb30BaTh PENATUBUCTCKUI My4OK aTOMOB OPTONO3MTPOHMSI C SHEPIHEil 3MEKTPOHOB U

2 -
nosutporos  Mc“y =130MsB (¥ =#250) nporus 260MsB 1 AByXKBaHTOBO
AHHUTUJIALMH APATIO3UTPOHHSL.

HenpeMeHHbIM aTpUOYyTOM CTUMYJIHPOBAHHOW aHHMTUIIALIMM TIO3UTPOHUA B TOJE
[BYX BCTPEYHBIX [y4KOB HOTOHOB SIBJIETCA MHAMUYECKas pacrnpeneneHHas obpaTHas CBA3b
MeXIy BCTPEYHBIMH BOJIHaMH. PoxxaeHHble POTOHBI MO CaMOMY CMBICITy HHAYLMPOBAHHOIO
M3TyueHHsl OKasbiBarOTCs Oe3ynpedHo c(asMpOBaHHBIMM M TOMANAIOT B HYXKHYIO MOZY.
HemuuelHOCT, 0OpaTHOIl CBsi3n oOmpenenseT NUHAMUKY YCHJIEHHs BCTPEYHBIX ITy4KOB
GOTOHOB M TpPM ONpEAENEHHbIX YCIOBHSX BBI3HIBAET JABMHOOODPA3HYI0 MHAYLMPOBAHHYIO
AHHUTW/ISILIMIO aTOMOB MO3UTPOHMS, KOTOpasi COMPOBOXIAETC HM3My4EHWEM TMIaHTCKOrO

MMITYJIbCa raMMa KBAHTOB.

3. uHamuka ycuneHmsi BCTPEYHbIX MOMKUralommx nyykos. Napano3sutpoHuii.
B cucreme koopauHar, ABMXKYLIEHCA BMecTe C MMy4YKOM aTOMOB Mapano3uUTPOHUSA C

koHueHTpauuei N , ycuneHue BCTpeUHbIX MOTOKOB FaMMa KBAHTOB C ILIOTHOCTIO I u I*

[em?c!] B Tenecrom yrae AQ u cnextpanbHoii nonoce Awy =1/ , pasHoit obparromy

BPEMCHH XKU3HHU NMapano3uTPOHUsA, OMTUCHIBACTCS B CTAIMOHAPHOM CJIy4ac ypaBHEHHAMH

-~

’
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ar_ B(eN =NII™ +yeN(I +17)+ gogﬂ— (N, +N_)I
dz T @)
dr’ . . N .
—sz—=ﬂ(5N—1)H +yeN(I+1 )+eoe7—0'(N+ +N_)I
3)

rne  MHoxutenb & =A@y, / Aa)D MOKa3biBae€T  JAOJIO  aTOMOB  IO3UTPOHMA,

B3aUMOJICHCTBYIOLIMX C BHEIIHUMH MOXUIAlOIUMHU ITy4KaMH doronos, (N ++N_) -

COBOKYIHOE YMCJIO 3JeKTPOHOB M MO3UTPOHOB B Myuxe. IlepBbie €WieHBl ypaBHEHHH

OTBEYAIOT 32 JBYXKBAHTOBOE CTMMYJIMPOBAHHOE HCITyCKAHHME WM MOTJIOMEHHe GOTOHOB €
4
kosdduuuentom [ [cM'c] NPy aHHUTMIALMU MU POKIEHAN aTOMOB MO3HTPOHMS], BTOPBIE

YJIeHb! YYHMTBLIBAKOT CIIOHTaHHO-CTHUMYJHPOBAHHOC MCITyCKaHHE q:)OTOHOB BO BCTPEYHEBIC

*
myukn I 1 I ¢ xoadpdumentom ¥ [cM’], TPeTby UeHBI OTMCHIBAIOT YHCTO CIOHTAHHOE
WCTIyCKaHue, IpueM MHOXuTeb & = AQ)/4 77 nokaseiBaer 1010 GOTOHOB, MONATAOUIMX

*
B Tenecublit yron AQ), oxsarbisatomuit myuku I u I', u nocnennue unenst xapaxrepusyror
nonHble noTepu (GOTOHOB U3 KAKAOro Mydka € CEYEHUEeM pacCesHusi O [eM); Z -

TpPOOJIbHAST KOOPAHHATA 30Hbl YCUIIEHHS C ATMHOM L.

Tonoxurenshoe younenue ¢ dI/dz >0 u — dr’ / dz > O nocruraercs ecnu
2B(N - NI" > [o(N, +N_) - 27N|1+1") - 25eN/7 . .

x
OTcioa, BBOASA MHTEHCUBHOCTH MOMIKHIAIOMUX My4KOB (OTOHOB Iign 7 Iign = Iign / M Ha

BXOOC B obJacTb YCHJIEHH, TMIOJIydaeM YCJIOBHE, KOTOPOC MOXXHO pacCMaTpuBaTh KakK

IOPOTOBOE AJIA noa>Kura
Lign > Lo (1+ ) Lo>L(+w/p . ()

rae ~

_ o(N,+N_)/N, —2¢y

Iy
2¢p8 ©)
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1 MOCJeRHHUit uneH B (4) OmNyIueH W3-3a MaJIOCTH MHOXUTENS &, a TAKoKe MPEeAnoaraeTcs,
YTO HayaabHasi KOHLEHTPAlMs aTOMOB MO3WUTPoHMs Ny AOCTaTOYHO BeNMKa, TaK YTO

&Ny >>1.

Ecny MHTEHCHBHOCTH BCTPEYHBIX NMYYKOB CYLIECTBEHHO MNPEBBIIAIOT MOPOrOBBIH
ypoBeHb, TO B ypaBHeHmsX (2), (3) MOXHO mpeHeGpedb BCEMHU UIIEHAMH, KPOME IEpBbIX.
Torpa noiy4yaem

*

a__d . BeNTT
dz dz )
orcyma d(I+17)/dz=0 n T+1" =T, + 15y =1, +1,, = const , tme L, u Ioy -

UHTEHCUBHOCTHU ITYYKOB Ha BbIXOJE U3 obnactu YCHUJIEHUS. P€3y.ﬂbTaTOM HUHTECTPHUPOBaHUA

cuctembl (7) SABNSETCS TPAHCLEHACHTHOE YPaBHEHHE I “4MCTOro” 3HaY€HHs BBIXOAHOH

unrencusnocru [, =1, — L, = I:ut - I:gn Ha anuHe ycueHns L
T I
nopd gl In|| 41| g+ 1] =T, BeNL
. I I ¢ ®)
gn ign 1gn
rae N - cpeansis KOHUEHTpaLIKs ATOMOB O3UTPOHMS B IyHKe
I
N == [N(z)dz
Ly ©)

PeleHne 3TOrO YpaBHEHHs TIPEICTABJIEHO Ha puc.l B BHAe 3aBucuMocTd 1 / Lign o

napamerpa akTuBHOCTH ycumuparomieii cpembl A =L, feNL mns pasmiunoit cremenu

aCCHMMETPHMH MHTEHCHBHOCTEH NMOMKUTAIOMMX My4KoB GOTOHOB AL .

OCco6GEHHOCTBIO KPUBBIX SBJISIETCS MX HEOMHO3HAYHOCTb W TMCTEPE3UCHBIA XapakTep.

le/l OOCTHMIJKEHHMHM TIapaMeTpa aKTUBHOCTH A KPHUTHYECKOIr0 3HAYE€HHUA IPOUCXOOUT

g ’
NaBUHOOGPA3HbII CKAYOK Ha BEPXHMIl yHacTOK S - 0Gpa3HBIX KPUBLIX M PE3KOE BO3PACTAHHE

CKOPOCTHM MHIYLIMPOBAHHOH aHHMTMJIALMH, CONPOBOXKIAIOIIEESCS H3Iy4YeHUEM TMIaHTCKOTO

HMITyJIECa raMMa KBaHTOB.
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Heo6xomuMo OTMETHTh, 4TO Pa3pbIBHbIN XapakTep KpUBBIX Ha PUC.]1 MMeeT CBOEH

NPUYHHON AEHCTBUE AMHAMUYECKOH paclpeneNeHHON 0OpaTHOM CBSI3H MEXIY BCTPEUHBIMU

norokamu Qortonos [16]. Koadduumenr obpaTHoit CBs3u P , ONpEAeNseMbld uepes

*
TIpupalieHne IOTHOCTH NOTOKa (OTOHOB OOGPAaTHOM BOJHEL dl' wa snemenre nmuner dz

1oJ AeHCTBUEM MPSIMOMN BOJHBI C IIOTHOCTBIO NMOTOKA I, nmeer Bug

p= dr_ PENT.
I dz (10)

HenuuelHbli XapakTep CBA3M MEXIy BCTPEUHBIMH BOJHAMM OOYCNOBIEHHBIH aKTaMH

CTUMYJIMPOBaHHO-CTUMYJIMPOBAHHON AHHUTWILIUMH MaPANO3UTPOHHA MPHUBOIMT K POCTY
*

xo3bduumenta cesi3up BMecte ¢ I |, 4TO M sBIAETCS NMPUYMHOW JaBHHOOOpasHOro

passurtys npouecca HHI[yquOBaHHOﬁ AHHHUT'WIBILHHA.

3. BeposITHOCTb MHAYLUMPOBAHHON aHHUIUNALMKN NApPano3UTPOHUs

CBs3b MEXAy BEPOSTHOCTbIO CIIOHTAaHHOW M HWHOyUMPOBAHHOW aHHMTMJILMH
Napano3UTPOHUS MPOLIE BCEro YCTAHOBUTH C MIOMOLIBIO COOTHOUIEHMs DHHIITEHHA MEKTY

CTieKTpalIbHBIME K03(bHIMEHTaMH CrIOHTaHHOrO n3nydeHus A(®) M MHAYHMPOBaHHOrO

usnyuenus B(@) [17]

B T C (11)

roe xosdduument A(@) onpemenser BEPOATHOCTH CIOHTAHHOTO H3Jy4eHHs (oToHa

YacTOTBl @ B criekTpanbHblit HuTepBan d@ u uHTEpBan TenecHsIX yriaos d)

dW, = A(a))dcog9 ,
4 (12)

a koodpdumment B(@) - BeposTHOCTH CTHMYJHPOBaHHOTO u3nMyueHHs QOTOHA TOH Ke

4aCTOTBI -

dW. = B(w)U(®,8,p)dodQ (13)




B [PUCYTCTBUM 3JIEKTPOMArHUTHON BOJHBI CO CHEKTPANbHO-YIJIOBOM INIOTHOCTBIO SHEPTHH

U(w,6,p). C nomomsio coorHomenust ODitnmreiina (11) nepermmwem (13) B Bume

yIO6HOM 1JIs JaJIbHEHIIero MpUMEHeH st
dW, = (2/4)A(0)l(w,k)dadQ (14)

e I(a),k) = I(a),6’,¢) - CIIEKTPAJILHO-YIJI0Bas IUIOTHOCTH INOTOKA ¢doTOHOB (SIPKOCTB)
CTUMYJIUPYIOILETO U3MY4IEHMS C JAJIMHOM BOJIHBI A ¥ BOJHOBBIM BEKTOPOM k.

BeposTHOCTD B €QMHUIy BPEMEHM MBYXKBAHTOBOHM CMOHTAQHHO-CIIOHTaHHOM
AHHUTWIILAN aTOMa Napano3UTPOHUs! C U3iyueHHeM (POTOHA 4acTOTHl () B CHEKTPAIbHbINA

urrepsan d@ u unrepsan Tenechbrx yrios dC2 pasHa

Q
dW, = W g(w — @y)dw %—— ,
4 (15)

rnie W, =1/t - obpatnoe Bpems xusHu napanosutponus, W = a5m02/ (2n) =
0,8.10° ¢ [11], g(®) - dynkums Jopenua ¢ wupuroit Awy =17 n hay = mc?.

Hcnone3ys asaxabl nepexon ot (12) k (14), Halimem cHa4ana BEPOATHOCTb B

€AUHHUIY BpEMCHI CHOHT&HHO-CTHMyﬂHpOB&HHOﬁ AHHUTWIIIOUH
AW, = (P/4)W,g(@ - wp) (@, k)ded Q2 , (16)
a 3aTeM M CTHUMYJIHPOBaHHO-CTUMYJIMPOBAHHON aHHUIMIISILIMH NMapano3uTPOHUS |
AW, = (7 2} [4)W_g(@ - 0,) [(@,K) (@,~K)dwdQ an
BO BCTPEUHBIX MOTOKAaX CTHMY/HPYIOLIETO M3Ny4eHMsl C SIPKOCTBIO (DOTOHHBIX ITy4KOB
I(w.,K) u T (0,7K).

COOTBETCTBEHHO, CKOPOCTHAsi KOHCTaHTa ) B ypaBHeHwsX (2), (3), oTBeyarolnas 3a

BKJIaQ CHOHT&HHO-CTHMYHHPOB&HHOﬁ AHHUTWIJIALIUY, paBHA

y=2/@n), ’ (s)
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rae Ac = 27h/(mc)=2,4.10"%m ecrs KOMITTOHOBCKast muHa Bomssl M ¥ =0,9.107

2OCMZ, a CKOpPOCTHasi KOHCTaHTa ﬂ , daroias BKJIaA CTUMYIUPOBAHHO-CTUMYJIUPOBAHHBIX

aKTOB aHHUTHIBINHU UMEET BU

_Ae 1

Py hona (19)

4. YncneHHbIe OLEHKU ANA Napano3uTpoHus

YucneHHbIE OLICHKH NPEACTABIIEHDI U Imydka, B KOTOPpOM aTOMOB I1aparnO3uTpOHHUA
B 102 pa3 MeHblle, 4eM CBOOOAHBIX 3JIEKTPOHOB M IO3UTPOHOB, @ CTENEHb
MOHOKHHETHYHOCTH TaKOBa, 4YTO MOOJs1 aTOMOB napanosmponm, BSaPIMOJJ;eﬁCTBy}OmHX C

-5
doTonHbIMU MyuKamu, cocTasmser & =107 .

IToporosble APKOCTH MOMKUIAKOLUIMX My4KoB (HOTOHOB onerHuBaroTcsa 1o (5) u (6)

*

semraniamu L, /(A@gAQ) > 8.10%2 cm? crpan’ Lign / (Ao AQ) >8.10%° cm?
crpan”, rne npunsr kosdduuuent accummerpun =100 u yureno, uro ocHoBHON
NPUYHMHOI MTOTEPb raMMa KBaHTOB M3 My4ka SBIETC KOMIITOHOBCKOE paccesiHue GOTOHOB ¢
ceyeHHeM B paccMaTpuBaeMoil o6mactW 4actorT paBHeM [11] O = 0,4(87r/ 3)rg =
2,6.10% cv? (Tp - KIaccu4eckuii pamyyc SIeKTPOHa, Ty =2 8.10cwm).

ITapameTp aKkTHBHOCTH CPEMlbl, KPUTHHECKUH U1 HaYana MOKUra JIaBUHOOOpasHOH
MHOYLMPOBAHHON  AHHWTMIALMM  [apano3WTPOHMs  ONpENessieTcst  YCIOBHEM'

A, =(Iignﬂ£NL)cr~1 (cM. puc.1), kOTOpOe IJIsi MOPOrOBOrO 3HA4YEHUs SAPKOCTH

nowkuraromero ¢oronHoro myuka L, / (AwyAQ) =8.102 cm? crpax’ moxer 6bms
yHoBNeTBOpeHo, Hanpumep, npu N = 10%cm™ u L = 10m . Kpuruueckue 3Hauenus A, n

(In / Iign)cr norapuMuuecky ciabo 3aBUCAT OT CTENEHH aCCUMMETPHH TOMIKHra fL , 4TO

MO3BOJIAET HANESATHCS HA CTAPT NMPOLIECCA TABMHOOOPA3HOH MHAYUMPOBAHHO! aHHUTHIALMHU
NO3UTPOHMST C YPOBHs IUIOTHOCTH IIOTOKA CIIOHTAHHBIX (POTOHOB, MCNYLIEHHBIX MPH

CIIOHTAHHO-CTUMYJIMPOBAHHBIX aKTaX aHHUTrWLILNH, TO €CTb B OTCYTCTBUE€ BHELIHErO

*
MOMKMTaoImero myyka 1 . B 5TOM ciyyae MMeeT CMBICT HCIOJIB30BaTh MPEUMYLIECTBA
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PENSITHBMCTCKOTO MABIDKEHWs aTOMOB MO3UTPOHMs. Kak ykasblBaloCh BBIIIE, BCTpEdHOE

JBYOKEHHE aTOMOB TO3UTPOHMS B myuke ¢ penstusuctcknm dakropom ¥ ~ 500 nossonser

B 4}/3=5.108 pas CHU3MTb sSpKOCTh mMomkuramomero GoroHsHoro myuka. Kpome Toro,

3
sHeprusi (JOTOHOB B TOKMTAIOLIEM Myuke MOXeT ObITh CHIDKeHa, coracko (1), B 2y=10
pa3. B uTOre, MOpOroBOe 3HaYeHME CNEKTPAJIbHO-YIJIOBOH IUIOTHOCTH MOTOKA SHEPTHH B

: 0.8 017 2 -1
nomwxuraromeM myuke cocrasut 0,8.10°" 3B cM™ crpax” , uyTo nomagaeT B AManaszoH

LIOCTI/DKI/IMI:If;I C NMOMOUIBIO PEHTIT€HOBCKHX JIA3€POB.

5. [lIHaMMKa YCUIEHUA BCTPEUHbIX MOMXKUralolwmnx nyykos. OpTono3nTpoHui.

JlaBuHOOOpa3HOe M3JTyuYeHHe FMraHTCKOro MMITyJibCa FaMMa KBAHTOB MPOHCXOIUT U
Mpy BHEUIHEM MOKUIe TPEXKBAHTOBOH MHIYLMPOBaHHON aHHUIWILILMHM OPTOMO3UTPOHHA.

B BBIPDOXKACHHOM CJy4a€, KOraa mnoJKUr OCYLIECTBJIACTCA ABYMS BCTPCYHBIMH ITy4YKaMH

*
$potonoB ¢ mioTHocTaMu mnotokos 1 u I u sHeprusmu doroHOB,co0TBETCTBEHHO,
*
hw=hw0/2=mcz/2 n hw' =hoy=mc?, craudoHapHbii npouecc ycwieHHs

OMHUCHIBAETCS CUCTEMOM M3 [IBYX YPaBHEHHM

1d = _d = yeNIT .
2dz dz (20)

HHTerpupoBaHie 3TOH CUCTEMBI IPUBOJUT K TPAHCLIEHAEHTHOMY YPaBHEHHIO

In|| g2+ 1 21111— +1 zfln_
La 1+ Ll =12, 7eNL
' I 2 I 1)
21n +1+E 22+ 1+ —|| 27 +1
Iign M Iign H Iign
roe I, = I;gn . (1/2)(Iign - Iout) - upcThI BbIXOA Myuka 1, a Ligy ¥ Ii*gn =L /H

.

IUIOTHOCTH BHEHIHHUX NMOTOKOB NOJKUTarOmIUX (bOTOHOB Ha BXoje B 00JacTb YCUIICHUA.

-~

ral
Pemenne 3TOro ypaBHEHWs MNPEICTAaBIEHO Ha PUC.2 B BHUIE 3aBMCHMOCTH In/Iign oT

2 ~
napamerpa aktusHoct cpemsl A = I, ¥eNL npu pasmuiHbX 3HaqeHnsx accuMmeTpuu

MHTEHCUBHOCTEH IOIKUTAKOLIUX ITy4KOB. BupnHa HEOHHO3HAYHOCTH 3TOH 3aBHCHUMOCTH,
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CBUNETENbCTBYIOMIass O  JIABMHOOOpasHOM  PasBUTMM  MpOllecca  MHAYLMPOBaHHOM

AHHUMIAIAE TIPY KPUTHYECKUX 3HaueHsIX napamerpa aktupnoctdt A = A~ 1.
cr

CKOpOCTHasi KOHCTaHTa j} , BXOAsIas B ypaBHeHus (20), Moxer ObITh momy4yeHa

cnenyromuM o6paszom. HauaTe Halo C BBIP2XEHUS! UL BEPOATHOCTU B €AMHUILY BPEMEHUH

CMOHTAHHON TPEXKBAHTOBOM AHHUTMLILMM C MCIYCKAHUEM JBYX (OTOHOB 4YacTOTHI

*
W = Wy /2 B OJHOM HampaBleHWH M TpeTbero (OTOHa HaCTOTHl @ =@, B

NPOTHBOIOJIOKHOM HANpaBJIeHUH B HacTOTHbIA nuTepBan d@ u Tenecbiit yron dC2

, dQ2
dsto) = Ws(o)g(a) - —Eo—)da) e
d 22)
w® 6
rne W’ cBsizaHa ¢ 0OpaTHEIM BPEMEHEM JKHM3HH OPTONO3UTPOHMUS
1 2(z*-9) ¢mc?
1_X ) 48 =0,7.107¢!
T 97[ 7] (23)
CIeIyIOLMUM COOTHOIeHHeM [11]
Ws(o) = 22 2‘| 3
(” - 9) WpTo (24)

[pumensist 3aTeM Tprokabl nepexon ot (12) k (14), mpuaeM K BHIPAXEHHIO UL CKOPOCTH
“IIOIHOCTBIO”  MHIOYLIUPOBAHHON TPEXKBAHTOBOW AaHHUTUISILMK  OPTOMO3UTPOHMSA BO

BCTPEUHbIX (POTOHHBIX My4Kax

2
dW® = 7_’)“_3) W(O)g(w__‘?Q)Iz(w,k)l*(za),—Zk)dé)dQ
1 4 S 2 ’ (25)

OTKyZ[a Uil CKOPOCTHOW KOHCTaHThI jJ HMHOyUMPOBAHHOHM aHHUTMISILIMM OPTOTIO3UTPOHMA
MOJTy4aeM CJIEQyIOLIEe BbIpasKeHne

= 4 21
m(7? - 9) 73¢? (AwpAQ)? 26)

OlieHKa NOPOroBOH MIOTHOCTH NMOTOKA (POTOHOB MOIKHUIAIOIIErO ITyYKa MPUBOIUT K




’

(N, +N_) (u+ D]

o>
e N &Y @7

I
YTO JaeT upe3BBIYAiHO GOMNBLIYI0 MOPOroBYyIO APKOCTh iy /(Aa)OAQ)=1,5.1034 cm’

cTpax’ , Haneko BBIXOASALYIO 32 Npelenbl BO3MOXHOCTEH COBPEMEHHBIX HCTOYHHKOB

M3JTy4CHUsA H ACNAIyl0 MNOMKHT nnnyuuposaﬂﬂoﬁ AHHUTWJLIOUM OPTOIIO3UTPOHUSA B

HacTos1Iee BpEMsA HEPCATIBHBIM.

6. 3akntoueHue

IIpoBeneHHbIN aHAMM3 PACKPHIBAET OCHOBHbIE NMPEUMYLIECTBA U HEIOCTATKU METONa
BHEUIHEro IOIKUIra BCTPEYHbIMM (POTOHHBIMM MydYKaMM MpoLecca HHIyLHPOBaHHOM

AHHUTUIBILHUHA aTOMOB MO3UTPOHUA.

e VYcraHaBIMBAaeTCs MPUCYIUHUi JIUIIE ABYXKBAHTOBOMY CTMMYJIUPOBAHHOMY HCITYCKaHMIO
BO BCTPEYHBIX My4Kax CrEeLMaNbHBIA BUI AMHAMUYECKON pacrpeneneHHo# obpaTHOl

cBsA3M 0€3 Kakux-JIu00 OTpa)aromuX CTPYKTYP.

e Henuneitnocts  obpatHOH  cBsis3u € KO3(GOHULUUEHTOM,  MPONOPLHUOHANLHBIM
MHTEHCUBHOCTH Myuyka (POTOHOB, BBHI3bIBAaET JIABHHOOOPA3HYH0 aHHUTWIIALMIO ATOMOB

TO3UTPOHMS, CONMPOBOXKAAIOLIYIOCS U3JIy4eHHEM MMIraHTCKOro MMIyJjibCa raMmMa KBaHTOB.

e Bo03MOXHOCTL HCIOJb30BaHUA PEIATUBUCTCKUX  ITy4KOB 4ATOMOB  NO3UTPOHUA

CYIIECTBEHHO CHMXaeT TPeGOBaHMs K MCTOYHMKY MOKMUTAIOMMX GOTOHOB BCTPEYHOTO
5 N
HanpasneHus. [Ipu 3HEPruH 3JeKTPOHOB M no3uTpoHoB MC Y ~ 260 Mbss (¥ ~ 500 )

IIOpOl‘OBaSI cr[elcrpanbﬂo-ymosax IIIOTHOCTb IIOTOKa SHGpI‘HI/I B MO KHUrariiecMm nyluce
0,8.10" 2 1
COCTaBJISIET I NMapano3uTPOHHs BEIHUHHY U,0. 3B cM™ cTpan , momnagaiolIyi0 B

JAHAIa3OoH pEHTrCHOBCKUX JIA3€POB.

e CronraHHble (POTOHBI, HCIYyCKa€Mbleé B KaXIOM aKTe€ CIOHTaHHO-CTHMYJIHPOBaHHOM
U3Jly4YaTeSbHONH aHHUTHIISILMY aTOMOB MO3UTPOHMS, BbI3BAHHOM OJHMM TOJBKO nepBIQ;M
NOKUTAIOLIUM ITyYKOM, HIEAJIbHO TNOAXOAAT Il MOCIEMYIOMIEro y4aCTHs B aKTax
JABYXKBaHTOBO#H CTHMYJHPOBAaHHO-CTUMYJMPOBAHHOW aHHUIMJIILIMM M, CJIENOBATENBHO,

MOTIYT UrpaTh POJib BTOPOTO MOPKUTAIOIIETO My4Ka.
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OcCylIecTBIEHHI0 MOROBHOro npouecca “CerONHS MeIIaeT OTCYTCTBHE WCTOMHHKOB
MOKMTalOLIMX TraMMa KBaHTOB JOCTATOYHOH SAPKOCTH (UL OPTOMO3UTPOHHA) H
JOCTaTOYHOM  JNMTENLHOCTM MMIynbca (A1 NApamo3HTPOHUA) M IIO3TOMY
NPEMMYIIECTBA METOJA BHEIIEHrO MOMKUra WHIAYLMPOBAHHOH AHHUIWIALMU aTOMOB
MO3UTPOHMS MOTYT, MO-BUIMMOMY YCTIEIIHO MPOSBUTHCS JIMIIL B OKOHEYHOMH CTyNeHH
MCTOYHMKA IaMMa-KBaHTOB (HanpuMep, IOC/HEe PEHTI€HOBCKOrO MM raMMa Jasepa,
PENATUBMCTCKOrO OHIYJIATOpAa MM Ja3epa Ha CBOOOAHBIX 3JIEKTPOHAX M T. I.) I

NOJy4EHHs] KPaTKOBPEMEHHOIO HMIyJbca ramMma (OTOHOB 3HAYMTENBHOH MHKOBOM

aMILTHTYAbL.

Jlaunass paGora BBINONHEHa NpPU YaCTUMHOM mnoxanepxke Poccuiickoro @®oHza

®ynnamenrtanbHbix MccnenoBanuii (rpant Ne 96-02-17686a) u EOARD (npoexter SPC-96-
4032 u SPC-96-4033).




Nureparypa
Dirac P.A.M. Proc. Cambr.Phil. Soc., 26, 361, 1930

Pusnun JI.A. KBanToBas snektpoHuka, 1, 2065, 1974
Rivlin L.A. Sov. J. Quantum Electronics, 6, 1313, 1976
Rivlin L.A. Sov. J. Quantum Electronics, 8, 1412, 1978
Bertolotti M., Sibilia C. Nuovo Cimento Lett., 21, 261, 1978
Bertolotti M., Sibilia C. Appl. Phys. 19, 127, 1979
Winterberg F. Z. Naturforsch 41a, 1005, 1986
Loeb A., Eliezer S. Laser and Particle Beams. 4, 577, 1986
Rivlin L.A. Sov. J. Quantum Electronics, 24, 261, 1994

. Gadomsky O.N., Krutitsky K.V. Laser Physics §, 127, 1995

. Bepecreuxuii B.B., JInbumu E.M., Ilutaesckuii JLII. Ksantosas SnexrpoauHamuka. M:
“Hayka”, 1980, c.414

12. Rivlin L.A. Laser Physics §, 297, 1995
13. Rivlin L.A., Zadernovsky A.A. Laser Physics 6, 956, 1996

14. Rivlin L.A. 7" Internation! Workshop on Atomic Physics for Ion-Driven Fusion. Oct. 16-
20, 1995, Madrid, Spain

O ® N kWD -

—_— -
O

15. Pusnun JLA. KBaHToBas anextpoHuka, 19, 513, 1992
16. Pusnun JI.A. KBaHTOBas 3/1eKTpOHUKa, 23, , 1996
17. Loudon R. The Quantum Theory of Light. Clarendon Press, Oxford 1973, ch. 1.




