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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: 

•    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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• A specific dynamic distributed feedback" inherent to two-quantum emission in 

conterpropagating photon beams only is settled without any reflecting structures (for both 

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

• 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). 

• 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 



counterpropagating intense photon beams. This approach, first proposed in [15], uses all 

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

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

free positronium atoms by counterpropagating intense photon beams. 

Report 

(I) 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 E0 = hcoQ. 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'V1] within the spectral line width of the nuclear transition Aa>0 around 

the frequency O)0/2 is governed above the ignition threshold by the equations [17] 

— = --—^(nj-nOn 
dz       dz 

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

(1) 
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and Es 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, a - is the fine 



structure constant. The inverted population difference (n2 - n.,) is expressed through the 

initial population difference no by the relation 

lr°, = A' (3) 
where Is is the saturation photon flux density. 

A positive gain with dl/dz > 0 and - dl /dz > 0 is achieved under the following 

condition 

T        -^- 

*     *o (4) 

which can be regarded as a threshold condition for ignition and G - is the cross section for 

photon scattering from igniting beams, n - 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 In on the length L : 

2 
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where Ij n = Iign 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 In/Is versus the medium activity A=yöhoIsL, found from the equation (5), with the 

squared ratio (Ijgn/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 Acr = (yöhoIsL)cr ~ 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 a 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 which 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 

_JT* coefficient is defined as a variation in the photon flux density dl in the backward wave within 

length element dz divided by the flux density I in the forward wave, 

1dl* 

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 = ß(n2-n,)I* 0) 

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   E0=10eV   and   an   intermediate   energy   level   with   a   detuning 

|1-2ES/E0|=2.10" . For such a detuning, expression (2) give the following estimate for 

the constant of stimulated emission ß = (2-10 cm4)/Acoo . In accordance with (4), the 

threshold spectral flux density of igniting photons can be estimated as l^/AdOo = 3-10 cm"2 

, where we assumed that n0 = 0.6n and took into account that the scattering of gamma 



quanta with an energy of about 50keV mainly occurs through photoionization of atoms with 

the scattering cross section <j - 6 • 10     cm . 

The igniting photon flux density at a critical point is estimated as Iign/Is ~ l/(/öhoIsL)cr 

~ 1, which can be satisfied at the threshold spectral photon flux density liga/AcOo = 3-10 

cm"2 with, for example, no = 10    cm'3 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 10" steradian) is 

estimated as approximately 10cm"2 [18], which is many orders of magnitude lower than the 

required value of ligJAo)o . Although x-ray lasers ensure a higher spectral density of the 

photon flux, about 1015cm"2 [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: 

• 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. 

• 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. 

• 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. 

• 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 gammä-räy laser, relativistic undulator, free electron 

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

(I) 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 hü)0 « 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 opposite directions 

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

£= Aco0/coD   of parapositronium atoms (Atf>0  - is the transition frequency band width 



equal to the inverse lifetime 1/r of parapositrönium, 0)D- 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 transformation, the energy of the 

contrary igniting photons can be decrease down to the value 

mc2 

i8"V(r2-if W 
where y - 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 (y =500), the energy of 

igniting photons becomes Ä6>    = 0.5 keV. 

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

together with the positronium atoms increases by factor y and the solid angle of the photon 

beam decreases by r + (r2-i) 
1/2 ">2 

« 4y  . This means, that the brightness (spectral- 

angular photon flux density) of the photon beam increases Ay times and for the above 

numerical example consist 5.10 . 

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 2mc y =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 contrary igniting 

photon beam. 

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

with concentration N the steady-state amplification of counterpropagating beams of gamma 



quanta of frequency O)0 with photon flux densities I and I [cm"Y *] within the body angle 

AQ and the spectral band AcoQ is governed above the ignition threshold by the equations 

[22] 

61 dI*       R XTTT* 
dz       dz (9) 

where the rate constant ß for two-quantum stimulated-stimulated annihilation transitions is 

determined by the expression 

r 
ß=  c 1 

(10) 2 ACOQAQ. 

and AQ = 2^/mc - is the Compton wavelength. 

A positive gain with dl/dz > 0 and - dl /dz > 0 is achieved under the following 

condition 

(l + Z/MN^+NJ/Np 

2# • (11) 

which can be regarded as a threshold condition for ignition and where (N+ + N_ ) is the total 

concentration of electrons and positrons, N0 - initial concentration of positronium atoms and 

<j - the cross section for photon scattering from igniting beams, fi - Ijgn/ljgn is the ignition 

asymmetry coefficient. 

Integration of equations (9) yields a transcendent equation for the pure output photon 

flux density In = Iout - Iign = Iout - Iign emerging from a gain region of length L 

-1    r, ( T Y 

V^ign 
+ 1 + // In 

r \r 
i 

JL.+ 1 

V^gn        J 
M— + 1 

V     Jign        J 
= I,Bn^NL 

(12) 

where N is averaged concentration of positronium atoms 
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1 L 

N = -fN(z)dz 
LJo (13) 

Figure 2 displays the dependence of In/Ijgn on the activity parameter A = Iign/?£NL 

of the gaining medium for different values of the asymmetry coefficient jU. 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 Acr~ 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 102 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/(Aty0An)>8.1022cm-2steradian1    and    I*gn/(Aö>0AQ) >8.1020    cm^steradian"1, 

where we assumed /z=100 and took into account that the loss of gamma quanta from 

igniting beams mainly occur through the Compton scattering with the cross section 

<T = 2,6.10-25cm2. 

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

parapositronium atoms is determined by the condition Acr = (Iign/?£NLj   ~ 0.1, which can 

be  satisfied  with  threshold  brightness   Iign/(A6?0AI2) = 8.10   cm^steradian'1   for  the 

average concentration of positronium atoms N = 10 cm"3 and the length of gain region 

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

the threshold brightness by factor Ay =5.10   and the energy of igniting photons by factor 
— r 

2y=10 . As a result, the threshold energy brightness of the igniting beam will be 0,8.10 eV 

cm"2 steradian"1 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: 

• 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. 

• 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. 

• 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. 

• 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: 

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

Vain attempts to design a gamma-ray laser using ^ sQurce of ljne broadeni     that is to be 
Mössbauer phononless transitions in nuclei embedded ,iminated in such a situation is a chaotic motion of 
in a matrix of a solid, which have been undertaken dur- (inciuding thermal motion). Analysis of the 
ing many years (e.g., see [1-4]) cause us to think of ^ nam)wi    of a Doppier line corresponding to 
alternative approaches to this problem. a £ne_photon transition [5-7] by ensuring a monoki- 

In fact, the reason for considering the possibility of netic motion of nuclei in the longitudinal direction with 
using phononless nuclear transitions is associated with respect to the expected direction of the beam of gamma 
the fact that such transitions provide an opportunity to quanta indicates the necessity of lowering the effective 
increase the cross section of stimulated emission by longitudinal temperature of atoms or ions down to a 
narrowing the line width of spontaneous emission to its submicrokelvin level, which seems to be not impossi- 
limit through eliminating the influence of the thermal ble to date. However, there exists an alternative method 
motion of atoms. In this context, a Mössbauer line with that makes it possible to eliminate an adverse effect of 
a natural radiative width can be considered as an ideal- the chaotic motion of nuclei [8, 9] and that does not 
ized situation when the cross section of stimulated imply deep cooling. This method is based on a rich 
emission ceases to depend on the matrix element of experience of sub-Doppler two-quantum spectroscopy. 
transition and reaches its maximum. 

It is unlikely that such an idealized situation can be 2 xWO-QUANTUM STIMULATED EMISSION 
implemented in practice both because of various j^ COUNTERPROPAGATING PHOTON BEAMS 
«nurces of inhomoeeneous broadening of nuclear lines 
nsoUds which it difficult to eliminate in operating As it follows from energy and momentum conserva- 
ase?   and because of homogeneous broadening due to tion in the emission of two photons with exactly oppo- 
teS£»rf3«; parallel to radiative transitions, site directions of wave vectors, thephoton energies^, 
channels of relaxation of excited states (primarily and h<02 are related to the energy E0 = h(O0 of the quan- 
through inner conversion). In addition, it is impossible turn transition by the expression 
to implement an ideal situation because the width of the h(    +    * _ £    föm(u/c) 
lower laser level is finite if this level does not coincide viz/                                             ^ 
with the ground state. _ (Ä8co)V(2Mc2), 

Therefore, in order to increase the cross section of ^^ M .$ ^ mass rf ^ ^^ 5(0 = ^ _ ^ is the 

stimulated emission, we should search for the methods detuning of counterpropagating photons, u is 
to achieve the maximum narrowing of the spontaneous ^j^o,, of the emitter velocity on the direction of 
emission line rather than seek for the conditions when v  J   vectors rf ^ fifSt  Mo^ and c fe the speed 
a phononless Mössbauer line with a natural width can be ■ 
obtained Within the framework of such an approach, u    e   • 
toTs no need to place nuclei in a matrix of a solid, Let us assume  first, that the homogeneous hne 
which! considerablyComplicates the technique [1-4]. width ACö0 of the laser transition is negligibly small 
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(Aco0 = 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, co, = co2 = ro0/-2, i.e., 5co = 0. If 
8co ± 0, only a part of emitters having the velocity w 
determined by (1) contribute to the emission of a cer- 
tain mode with o^ * co2. 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 Aro0 is finite, then we find 
from (1) that emission involving virtually all emitters 
with arbitrary velocities is possible not only for the cen- 
tral mode with co, = a>2 = co0/2 and 8co = 0 but also for 
a group of modes with 8w * 0. Each mode from this 
group has a homogeneous line width A(00. The admis- 
sible frequency detuning for this group of modes is 
determined by the requirement that the difference ot 
sum frequencies of emitted photons should not exceed 
the homogeneous line width of the transition, 

(co, + co2)niax-(coI + (02)nlin<Acoo, (2) 

where the extremal values of frequencies correspond to 
the maximum, iw and minimum, wmin, values of the 
velocity distribution of emitters with a variance Aw- 
u    -u     Then, in accordance with (1), the admissible 
"max     "»miir * *       » 
detuning is given by 

|8CD0| = ACO0(C/AH), (3) 

and the number of modes in such a group is 

N = |8co0|/Aco0 = c/Au> 1. (4) 

In a certain sense, the detuning 8ro0 in (3) can be con- 
sidered as a specific type of inhomogeneous broaden- 
ing that does not exclude the overwhelming majority ot 
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 ot 
stimulated emission displays a maximum with a 
width on the order of |8co0| (3) around the central fre- 
quency co, = co2 = (DQ/2 (with an accuracy up to a small 
shift -Ä(8co0)2/(2Mc2), which is due to the recoil 
effect) This maximum consists of N modes (4) with a 
homogeneous width Aco0 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. 

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 / and /* [cm"2 s"1] within the spectral band 
Aco0 is governed by the equations 

dl/dz = ß(n2 - nJII* + yn2(I + U./*) (5) 

+ u.0an2 - anl, 

-dl*/dz = ß(n2-n,)//* + Yn2(/* + U./)        (6) 

+ u\0an2-an/*, 

where n2 and nx 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. Ihe 
first terms in these equations describe stimulated two- 
quantum emission with a coefficient ß [cm s]. The sec- 
ond terms take into account spontaneous-stimulated 
emission of the beams with flux densities / and / into 
the considered modes with a coefficient Y [cm J. ine 
third terms describe purely spontaneous emission into 
the same modes with a coefficient a [s"1]. The last term 
characterizes the total loss of photons from the mode 
with a scattering cross section o [cm2]. The factors U. - 
Aß/47t and Uo = uAco0/<Oo sPecifythe fr^tlons of P™' 
tons emitted into a solid angle Aß that covers the 
modes of the beams / and /* and into the band with a 
homogeneous width Aco0, respectively. The longitudi- 
nal coordinate z is chosen in such a manner that z - u 
coincides with the center of the gain region of length L. 

A positive gain with dlldz > 0 and -dl*/dz > 0 is 
achieved if 

ß(n2-n,)//* 

>(l/2)[on-yn2(\+\i)](I + l*)-Wli- 
(7) 

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 ot 
ignition: 

an-yn20(\+]i) (g) 

'<>7<>s K  
Since the factor Mo is small, we omitted the last term in 
(7), which is responsible for spontaneous emission. 
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The quantity n0 = n20 
_ Mio in (8) stands for the initial 

value of the inverted population, and n20 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 
2 

the threshold level determined by (8), so that //* > I0, 
inequality (7) becomes so strong that we can keep only the 
first terms in (5) and (6). Then, we have d{l + l*)ldz = 0 
and / + /* = /, + 1L = const, where IL is the intensity of 
the beams / and /* 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 = ß(n2-»i )/(/» + /£.-/). (9) 

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

n, = 
1 +//*//; 

(10) 

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

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 IN = IL- /,• 
emerging from a gain region of length L, 

2(T:+4;T''"(T:+I)4:=P"^ <»> 
Figure 1 displays the dependence of INI1S on the prod- 
uct ßn^ found from this equation, with the squared 
ratio (/,-/7,)2 taken as a parameter of a family of curves. 

The specific features of these curves are the lack of one- 
to-one correspondence and a hysteresis character. For a 
sufficiently high ignition intensity, (7,-//,)2 > 0.025, the 
output intensity INI1S displays a smooth increase with a 
growth in ß«o^- Note that the growth rate of IN/1S 
becomes greater with an increase in /,-//,. 

An ambiguity in the considered curves that occurs for 
a low intensity of the igniting photon beam, (Z,//,)2 < 
0.025, decreases the growth rate of lNlis in the initial 
section of the dependence. As the argument ßn^^. 
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 §n<JsL decreases and approaches unstable 
sections of the curves, shown by dashed lines in Fig. 1, 
an evolution of 1N/I, may be accompanied by a hyster- 
esis with a jump downward. 

The critical value of the product (ß«^/,)«- that cor- 
responds to an avalanche-like jump is determined by 
the condition d{INlls)ld(^nJl^) = ~>. With allowance 
for (11), this condition yields 

(ß»o/,£)c 1 M    'i 
(/*//,)„+///, W (12) 

As can be seen from this relationship, there are no critical 
points for ß/io^L < 4 at any value of the parameter ljlr 
Provided that ^nJJL > 4, critical points occur for suffi- 
ciently small 1,1 ls. Within the most interesting range of 
large avalanche-like jumps, where (^nJJL)CT > 4, we 
can estimate the required intensity of igniting pulses 
assuming that (IN/IS)CI« 0 at the lower starting point of 
the jump, 

///, = 2/(ßn0/,L)c (13) 

Wh 

CzKSSS=>^ 

ß«0/jL 

Figure. 

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. 

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 structure [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 dl* in 
the backward wave within length element dz divided by 
the flux density / in the forward wave, 

pdz = 17Idz. (14) 

'<»■> = ^J|2>>1! 
MJiO 

("TM 

dQ.xdQ.2 

account a resonant character of transition. For a pair of 
"electrically dipole quanta (£1, £1) with frequencies CO, 
and co2 

ar,d polarization vectors e0) and e0j (C,, o2 = 
1, 2), the matrix element M12 is given by the sum over 
intermediate nuclear states with energies E„, 

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 = ß(/i2-n,)/* (15) 

and increases proportionally to /*. 

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 rfco, near the 
frequency co, per unit time is 

dW„ = WM/(<ö,)da>„ (16) 

where Wss = t2J 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 ./(co,) normalized to unity is 
written in terms of an integral over all admissible fre- 
quencies G>2 of the second quantum and over all emis- 
sion directions of both quanta, 

(17) x g(co0- co, - co2)dß,dQ2<ico2 

TheLorentzfunctiong(co0-co, -co2) in (17) with a 
frequency bandwidth Aco0, which is equal to the sum of 
the widths of the upper and lower levels, takes into 

Mu-2A    £2-E„-fcco, 
n 

<l|eCTd|n><n|eqid|2>>. 
+     E7-E„-ha)2    )' 

(18) 

If the neighboring intermediate level lies between the 
levels involved in the considered 2 —«► 1 transition and 
has an energy E„ = ftco, 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, \ES - E0/2\, 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 co, = COQ/2 
whose spectral width is much less than |co, - COQ/21. 
Using for these frequencies the estimate 

ISW ,^ 

^o,o2 

d£l,dQ.7 

0>2 = 0)„ - <0| (19) 

„ f327cV 1 (ea)A 

V 3 ) E2
0(\-2E/E0f 

we derive 

— <->tV6M('-3s 

ao(fl/A,0)
4 

\\-2E/E0Y 

(20) 

:dC0, 

where IQ is the wavelength of radiation with the energy 
of quanta equal to the energy E0 of transition under con- 
sideration, Oo = e2/(hc) = 1/137 is the fine-structure 
constant, and a = 1.3 x KHM1'3 cm is the radius of a 
nucleus where the number of nucleons is equal to A. 
Correspondingly, the coefficient a, which is involved m 
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 

34   a0(a/A,n) 
a = (27t) 5—°- ^coo. 

9(l-2E/£0) 
(21) 

It is convenient to define the probability of stimu- 
lated-spontaneous transitions per unit time with the use 

of the Einstein relationship A(co,)/B(co,) = Äco, /(itV) 
for spectral coefficients of spontaneous emission, ^(co,), 
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and stimulated emission, 5(co,). Indeed, according to (16), 
the spectral coefficient A((o{) of spontaneous emission 
is equal to WssJ{(0{). 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 d(ü{ near the 
frequency C0( (corresponding to the wavelength Xt) per 
unit time, 

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 5co between counterpropagating photon 
beams is not very large, so that 

dW„ = (X?/4)iy.„/(co1)/(co1)Jco1, (22)     |5co| ^ |5c0()| = Aco0c/Aw = Aa>0(Mc2/kT) 
1/2 

where /(CD^CO] 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 y, 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,, = 2X0), 

(28) 

„      t«WA   txg(a/A0)
4     2 

9(1-2E/E0) 
(23) 

The probability of stimulated-stimulated transitions 
with induced emission of photons within spectral inter- 
vals d(Qi and dm2 near the frequencies ^ and co2 per 
unit time is given by 

dWu = (Xf/4)(X2
2/4)W,,/(co1) 

x g(co0- co, - 032)/((0, )/* ((ü2)d(ü\ d(02, 
(24) 

where /(co^co, and /*(G02ycD2 are the flux densities of 
stimulating photons. Correspondingly, the constant ß 
of stimulated two-quantum emission, which is involved 
in equations (5) and (6), is written as (ki=\ = 2^) 

= ^   oc0V/Aco0 (25) 

To take into account the motion of emitters, we 
should include the Doppler shift of the frequencies (»j 
and oo2 in the right-hand side of (17). In particular, the 
Lorentz functions should be replaced by the distribu- 
tion function 

g(co0- ä(8üO)
2
/(2MC

2
) + 8co(«/c) - co, - co2),   (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 
u to u + du, 

«•*"- G&P*(-5f>-     (27) 

where A« = (kTIM)m is the variance of the nuclear 
velocity corresponding to the distribution function 
(27), we can neglect the Doppler term 8COM/C in the 
argument of the Lorentz function (26) for the over- 
whelming majority of the emitters. 

Provided that, in addition, the term h(8(o)2/(2Mc2) in 
the argument of the function (26), which describes the 
recoil effect in emission, is much less than the homoge- 
neous width Aco0 of the transition, which is true for the 
detunings that satisfy the inequality 

|8oo| < Aco0(2McVÄAfDo) 
1/2 

(29) 

we can neglect this term as well. 
Comparison of inequalities (28) and (29) shows 

that, if 2kT > ÄAco0, 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 <D0/2 
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 |8co0| = ACQ0C/AH near the 
central frequency co0/2. 

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 
MX2 (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 —*■ s 
and s —- 1. Thus, although it is. desirable to ensure a 
small denominator in the expression for the constant ß 
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. transition, 

(1 -2£/£0)
2 > 2(kT/Mc2)ln2 

= 1.2xlO"l3(77A). 
(30) 

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/)-1 of nuclei 
through the amplification region and the inverse time 
interval between collisions should be small, (At)-1 < Aco0. 
These requirements impose restrictions on the size of 
the amplification region and the total concentration of 
nuclei n, 

L > U/AOOQ = (c/Aa>0)(3*7VAfc ) 
1/2 

(3D 

1/2 
n < Aü>0/(agu) = (Aco0/ccg)(Mc /3kT)    ,    (32) 

where u = (3kT/M)m is the root-mean-square velocity 
of the thermal motion of nuclei and ag 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, 

.(2) A(O'D - <Oo(kT/Mc) <* Ao)0. (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 
h(op, a nucleus acquires a momentum hxap/c of an 
absorbed quantum. The maximum possible velocity 
difference is equal to twice the acquired velocity, 
2c(hcoJMc2), which gives an estimate for the corre- 
sponding effective temperature: 

kTe({~(h(Op)
2/(Mc2). 

7. NUMERICAL ESTIMATES 

(34) 

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 11 - 2EJEQ\ = 2 x 10"6. Then, 
at 7= 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: ß = (2.3 x 1040 cm4)/AcDo. For E0 = 10s eV, the 
constant of spontaneous-stimulated emission is esti- 
mated as Y = 2.4 x 10"22 cm2. 

In accordance with (8), the threshold spectral flux 
density of igniting photons can be estimated as /0/Aco0 = 
3 x 1018 cm-2, where we assumed that n20 = 0.8n and 

n0 = 0.6/1 and took into account that the scattering of 
' gamma quanta with an energy of about 50 keV1 mainly 
occurs through photoionization of atoms with the scat- 
tering cross section o = 6 x 10-22 cm2. 

With allowance for (13), the requirement /, > I0 (8) 
yields (/%£)„ < 3 x 1021 cm"2. This inequality can be sat- 
isfied, for example, with n0 = 1017 cm-3 and L = 200 m. 
For og = 10"16 cm2, restrictions (31) and (32) give L > 
(2.2 x 104 cm s-')/Aco0 and n < (4.5 x 10u cm"3 s)Aco0. 
These inequalities do not contradict the chosen values 
of the inverted population n0 (the concentration of 
nuclei in this case is n = n0/0.6 = 1.7 x 1017 cm-3) and 
the size L of the amplification region if the emission 
bandwidth meets the condition Aco0 > 108 s_1. The 
restriction (33) on the magnitude of the second-order 

(2) 
Doppler effect is reduced to the inequality AoöD = 2 x 

107 s-1 < Aco0. 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 igniting beams is estimated as 
/,/A(O0 = 4.3xlO18cm-2. 

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 10-5 sr) is esti- 
mated as approximately 10 cm-2 [12], which is many 
orders of magnitude lower than the required value of 
7,/A(O0. Although X-ray lasers ensure a higher spectral 
density of the photon flux, about 1015 cm-2 [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-räy 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 4INb93m 

47Ag108m 
67Ho166m 

72Hfl78m „Ta180"1 
75Re186m Tr192m 

77ir 83Bi2,0m 

Lifetime, years 13.6 127 1.2 xlO3 31 1.2 xlO15 2 xlO5 241 3 xlO6 

Transition energy, keV 30 79 75 262 

Spin of the initial state 1/2- 6 7 9- 9" 

Spin of the final state 9/2+ 1 2~ 0+ 1+ 1- 

Multipolarity M4 M5 E5 M8 E8 

Energy content, MJ/g 31 70 40 120 

Time of transformation of a prod- 0 2.4 min 27 h 0 8.1 h 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: 

• 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 positronium atoms is 
realized in avalanche-like manner, which is accompanied by the emission of a giant pulse of 
coherent gamma quanta. 

• 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. 

• 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. 

• 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. 



1/lHflyqnpoBaHHafl aHHiimrmMiifl aTOMOB no3iiTpoHYm npw BHeuiHeM 

nofl>KMre 

A.A.3adepHoecKuu, Jl.A.PuenuH 

1. BßefleHne 

AHTHMaTeppw, KaK HAeajibHbiH HCTOHHHK COCTOHHHH C OTpHqaTejibHOH 

TeMnepaTypofi [1, 2], aaBHO npHBjieKaeT BHHMaHHe HccjieflOBaTejiefi, HinyinHx ny™ K 

noJiyneHHK) KorepeHTHOH reHepainiH raMMa-KBaHTOB H, B KOHCHHOM HTore, co3AaHHK> 

raMMa Jia3epa. OcoöeHHO nacTo, KaK HaHMeHee 3K30THHecKaa, paccMaTpHBajiacb B STOM 

OTHOUieHHH peaKL(Ra aHHHrHJmUHH 3JieKTp0H0B  H n03HTpOHOB  [3-10].  B  flaHHOH pa6oTe 

HCCjiejryeTCH   B03MO>KHOCTb   BHeiimero   nojpKHra   BCTpeiHbiMH   (JIOTOHHHMH   nynKaMH 

JiaBHH006pa3H0H HHflyiJHpOBaHHOH aHHHrHJIHUHH aTOMOB n03HTpOHHH. 

KaK H3BeCTHO [11], npH MaJIblX OTHOCHTejIbHblX CKOpOCTHX CBOÖOAHblX 3JieKTpOHOB 

H no3HTpoHOB v<(XC (a - nocTOHHHM TOHKOH CTpyKTypbi, C - CKopocTb cBeTa B BaKyyMe) 

craHOBHTca cymecTBeHHbiM KyjioHOBCKoe npHTa>KeHHe Me>igry HacrauaMH H HX 

aHHHrHjmuHfl npoHCxoflHT B öojibuiHHCTBe cjiynaeB nepe3 CTa^Hio o6pa30BaHHH 

BOflopoflonoflOÖHoro CBJBaHHoro COCTOHHIW sjieicrpoHa H no3HTpoHa - aroMa no3HTpoHH5i. 

B HH3iueM 3HepreTHHecKOM COCTOAHHH aTOM no3HTpoHna cymecTByeT B myx Buzjax: c 

aHTHnapanJiejibHbiMH cnHHaMH sjieicrpoHa H no3HTpoHa (napano3HTpoHHH) H 

napajiJiejibHbiMH cnHHaMH sjieicrpoHa H no3HTpoHa (opTono3HTpoHHH). OCHOBHOC 

cocToaHHe opTono30TpoHH*i co cnHHOM paBHbiM eAHHHtie TpexKpaTHO Bbipoac^eHO no 

npoeKijHflM cnHHa H nosTOMy aroMOB opTono3HTpoHira o6pa3yercH B Tpn pa3a 6ojibine, neM 

aTOMOB napano3HTpoHHa. B cnjiy 3aKOHOB coxpaHeHHH 3HepraH H HMnyjibca H 3aKOHa 

COXpaHeHHH    3ap5IflOBOH     HeTHOCTH     npH    3JieKTpOMarHHTHbIX     B3aHMOflefiCTBHHX,     aTOM 

napano3HTpoHHfl aHHHrHjiHpyer c HcnycKaHHeM TOJibKO neTHoro HHCJia (flByx H 6ojiee) 

(J)OTOHOB, a aTOM opTono3HTpoHH« - c HcnycKaHHeM TOJibKO HeneTHoro HHCjia (Tpex H 

60Jiee)    <j)OTOHOB.     B     CBH3H    C    3THM,     06a    BHfla    aTOMOB     nOSHTpOHHH^. OKa3bIBaK)TCH 

Hpe3BbinaHHO    npHBjieKaTejibHbiMH    RJIX    npHMeHeHHa    Merofla    BHeuiHero    noflacnra 

HHJiyUHpOBaHHOH aHHHrHJMUHH C nOMOIIJblO BCTpeHHblX HHTeHCHBHblX (J)OTOHHbIX nyHKOB. 



2. MeTOfl BHeuiHero noAwwra MHflymipoBaHHOM aHHnri4Jini4i4n no3HTpoHnn 

Merofl BHeuiHero noA>KHra BCTpeHHbiMH (^OTOHHHMH nynicaMH flByxKBaHTOBoro 

npouecca CTHMyjriHpoBaHHoro HcnycKaHira BnepBbie npeA.no>KeH B [12]. Bo3MO>KHOCTh 

npHMeHeHHH 3-Toro MeroAa K KOJieicrHBy CBOÖOAHbix B03Öy>KAeHHbix *mep noapoÖHO 

paccMOTpeHa B [13]. IIoKa3aHO, HTO B OTJIHHHC OT oAHOKBaHTOBoro npouecca HcnycicaHHfl c 

ÄonjiepoBCKHM yuiHpeHHeM JIHHHH ycHjieHHH, B npouecc HHAyuupoBaHHoro H3JiyneHHfl 

raMMa KBaHTOB BO BcrpenHbix nynicax ^OTOHOB C sHepruflMH 6JIH3KHMH K nojiOBHHe 

3HeprHH a^epHoro nepexoAa BOBjieicaiOTCfl npaicTHHecKH Bee HApa, He3aBHCHMO OT HX 

CJiynaHHbix HHAHBHAyajibHbix CKopocTefi. IIpH 3-TOM, ycTaHaBjiHBaeTCfl npucymHH jiHiiib 

flByXKBaHTOBOMy    CTHMyjlHpOBaHHOMy    HCnyCKaHHK)    CneUHajlbHblH    BHA    AHHaMHHeCKOH 

pacnpeaejieHHOH oGparHoü CBJBH 6e3 KaKHx-jiH6o OTpa^aiomnx cTpyicryp. HejiHHeHHocrb 

OÖpaTHOH CBH3H BbI3bIBaeT JiaBHH006pa3H0e CHHTHe B030y^CfleHHH JWp, 

conpOBO>KAaK)meecji H3JiyHeHueM rnraHTCKoro HMnyjibca raMMa KBaHTOB. 

IlpHMeHeHHe MeroAa BHeuiHero nofl^cnra K aHcaMGjuo aTOMOB no3HTpoHH3 HMeer 

pjiA ocoGeHHOCTefi [14] , oöycjioBJieHHbix aHHHrajrauHeH no3HTpOHi«i B npouecce 

n3JiyHeHHH, TO ecTb Hcne3HOBeHHeM HOCHTejM HMnyjibca npu HcnycKaHHH raMMa KBanroB. 

B CB5I3H c 3THM, HanpHMep, aHHHrHjiflUHfl noKoamerocH aTOMa napano3HTpOHHH 

conpOBOJKaaercji HcnycKaHHeM AByx KBaHTOB CTporo npoTHBonojio^cHoro HanpaBjierora H 

OAHHaKOBOH SHeprHH   TLCOQ « mC    =0,511   M3B ,  paBHOH  nOJIOBHHe 3HeprHH OCHOBHOrO 

cocrojiHHfl. /JBH^LUHHCH >Ke c HeKOTopofi CKOpocTbK) v aTOM napano3HTpoHHfl He MOJKer 

(B oTJiHHHe OT CBoGoflHoro swpa) HcnycTHTb ABa OAHHaKOBbix raMMa KBanra B 

npoTHBonojio^cHbix HanpaBJieHHax. AHHHrHjraumi napano3HTpoHHH npenHTCTByer 

BbinojiHeHHK) 3aKOHa coxpaHeHHa HMnyjibca B STOM npouecce. IIosTOMy JIHHHH 

aHHHrHJiauHOHHoro H3JiyneHiüi KOJiJieKTHBa aTOMOB napano3HTpoHna HMeeT AoruiepoBCKyio 

uiupHHy   A#>DH   npu   oÖJiyneHHH   BCTpeHHbiMH   noA>KHraiomHMH   nyHKaMH   <})OTOHOB, 

cocpeAOToneHHbix   B   HacTOTHofi   nojioce   A(D    B6JIH3H   nacTOTbi   O)0   ,   B   npouecc 

HHAyUHpOBaHHOH     aHHHrHJiaUHH     OKa3bIBaK)TCH     BOBJieHeHHblMH     JIHUIb     Majiaa     AOJW 

£ = Ao)/AcoD aTOMOB no3HTpoHHH, npHHaAJie>KamHx ueHipajibHOMy ynacricy HX 

CKopocTHoro pacnpeAejieHHH B6JIH3H V=0 . 



B03HHKaK>mHe   ß   CBJI3H   C  3THM   nOBblllieHHbie  Tpe60BaHH^   K   MOHOKHHeTHHHOCTH 

nyHKa aTOMOB no3HTpoHHH Moryr 6biTb yflOBJieTBopeHbi c noMombio pa3JiHHHbix MCTOAOB 

npe^BapHTejibHOH   MOHOKHHeTH3annH   ajieiopoHHoro   H   no3HTpoHHoro   nyHKOB,   npn 

CMeiUHBaHHH   KOTOpblX   06pa3yeTCH   n03HTpOHHH.   ITpOCTefilllHM   H3   HHX   HBJMeTCH   MeTOfl 

ycKopeHHfl 3apH»ceHHbix nacTHu npH oflHOBpeivieHHOM B03aeficTBHH HMnyjibCHoro 

ajieKTpHHecKoro nojia Ha Bee nacranbi, cozjep>KaiUHecH B MOKSjieicrpoÄHOM npoMOKynce 

[15]. 

Ba^cHbiM    npeHMymecTBOM    aTOMOB    no3HTpoHna    nepe^    HApaMH    ^BJIHCTCH 

B03MO>KHOCTb HCIIOJlb30BaHHfl peJIflTHBHCTCKHX n03HTpOHHCBbIX nyHKOB, HTO CyiljeCTBeHHO 

CHH^caeT Tpe6oBaHHa K HCTOHHHKy noflJKHraiomHx (poroHOB BCTpenHoro HanpaBJieHiw. Taic, 

3Hepn«i noa>KHraiomHX (pOTOHOB, KOTopaa B CHCTCMC noKOH napano3HTpoHHa aojDKHa 

6biTb paBHofi TLCOQ « mc   = 0,511 MSB MOJKCT 6biTb yMeHbiueHa Gjiaro^apH aonjiepoBCKon 

TpaHC<|)opMauHH jxp BejiHHHHbi TiC01&i, onpeflejraeMOH paBeHCTBOM 

mc2 

,8n   y+(y2-i)1/2 (i) 

rae y  - pejmTHBHCTCKHH (paKTop nyHKa aTOMOB no3HTpoHna. Hanpniviep, npn SHeprnn 

sjieiopoHOB H no3HTpoHOB B nyHKe mc Y Ä 260 MSB (Y ~ 500 ) SHeprnji noA^Hraiomnx 

(pOTOHOB MO^ceT 6bITb yMCHbllieHa B 10    pa3 H CTaTb paBHOH ^Ö9ign=0,5K3B. 

OflHOBpeMeHHO   C   3THM,   B   CHCTeMe   KOOpflHHaT   flBH>KymeHCJI   BMeCTe   C   aTOMaMH 

no3HTpoHiw B Y P33 yBejiHHHBaeTCH njiOTHOCTb (pOTOHOB BO BcrpeHHOM noßacnraiomeM 

nyHKe, a ynioBaa pacxoflHMOCTb  AQ yMeHbinaeTca B   7+(7"~l)        «4^    pa3. B 

pe3yjibTaTe, apKOCTb (cneicrpajibHO-yrjiOBaH njiOTHOCTb noTOKa (pOTOHOB) 3Toro nyHKa 

4)OTOHOB B03pacTaeT B AY   pa3, HTO fljw npHBeaeHHoro nncjieHHoro npHMepa cocTaBjwer 

3HaHHTejibHyio BejiHHHHy 5.10   . 

Pa3yMeercH apyrofi nynoK (|)OTOHOB, coBnaflaiomHH c HanpaBjieHneM ÄBnaceHiM 

aTOMOB   no3HTpoHHJi,   HcnbiTbiBaeT  oöparayio  TpaHccpopMannio   H,   nosTOMy,   3HeprHH 

nozpRHraiomnx (pOTOHOB B HCM flOJi>KHa 6biTb Hpe3BbinaHHO Gojibinon 2mc ^=0,5r3B. 



CneflyeT oTMeraTb,  OAHaico,  HTO (})OTOHbi HJOKHOH sHepran H Hy>KHoro HanpaBjieHHH 

p05KßaK)TCfl B Ka>KAOM aKTe AByXKBaHTOBOH CnOHTaHHO-CTHMyjIHpOBaHHOH H3JiyHaTejIbHOH 

aHHHrHJWUHH aTOMOB napan03HTpOHH«, BbI3BaHHOH OAHHM TOJIbKO nepBbiM nOA^CHraiOIUHM 

nyHKOM. B TaKHx paAHannoHHbix nepexoAax BHeumee sjieicrpoMarHHTHoe rajiyneHHe 

CTHMyjiHpyeT jiHinb oflHy nacTb AByxKBaHTOBoro nepexo^a K HcnycicaHHio <j)OTOHa, BTopofi 

>ice (})OTOH H3JiyMaeTCH cnoHTaHHo. IlpH 3TOM, corjiacHO 3aKOHaM coxpaHeHHH 3HeprHH H 

HMnyjibca B CHcreMe noKoa aTOMa no3HTpoHH* HacroTbi O6OHX $OTOHOB coBna^aiOT, a 

HanpaBjieHHe Bbijiera cnoHTaHHoro ^oroua. crporo npoTHBonono^cHO HanpaBjieHHK) 

CTHMyjinpyiomero H3JiyneHH«. PojKaeHHbie TaKHM o6pa30M cnoHTaHHbie (J)OTOHbi H^eajibHo 

noflxoflHT   fljia   nocjieAyiomero   yHacTHa   B   aicrax   AByxKBanroBOH   CTHMyjinpoBaHHO- 

CTHMyjIHpOBaHHOH   aHHHrHJIHUHH   aTOMOB   II03HTpOHHfl   H,   CJieAOBaTejIbHO,   MoryT  HrpaTb 

pojib BToporo noa>KHraioinero nyHKa. 

Heo6xoflHMO noAHepKHyrb, HTO Tana« ^cecTKaa CBJi3b Meaqiy CTHMyjiHpOBaHHbiM H 

cnoHTaHHbiM <})OTOHaMH yHHKajibHa HMeHHO fljiH npouecca aHHHrHjiauHH, Kor^a 

npoHCxo^HT HCHe3HOBeHHe H3JiynaTejia. IlpH jiflepHbix AByxKBaHTOBbix cnoHraHHO- 

CTHMyjiHpOBaHHbix nepexoAax yroji BbiJieTa cnoHTaHHoro <J)OTOHa no OTHOIUCHHK) K 

HanpaBjieHHK) craMyjinpyiomero H3JiyneHHa Moacer H3MeHHTbCJi B mnpoKHx npe^ejiax OT 0 

no IK, a HMnyjibc OTAann npHHHMaer Ha ce6a aapo. 

CneuH(J)HHecKHMH    CBoficTBaMH    o6jiaaaeT    BHCUIHHH    noflacnr   TpexKBanroBOH 

HHflyHHpOBaHHOH aHHHrHJtflUHH OpTOn03HTpOHHü. B CHJty 3aKOHOB coxpaHeHHH 3HeprHH H 

HMnyjibca,   sHeprHH   tico^fi^^iG)^   Tpex   HcnymeHHbix   aHHHrHjwuHOHHbix   <J)OTOHOB 

AOJiÄHbi H3o6pa^caTbca AJMHaMH cropOH TpeyrojibHHKa c nepHMerpoM 2mc . IIosTOMy 

BeKTOpbi HMnyjibcoB 3THX (pOTOHOB H yrjibi Meacfly HHMH nojiHOCTbK) onpesejiaiOTCH 

3aAaHHeM sHeprnH AByx (J)OTOHOB. IlpH STOM,  ecjiH ABa $OTOHa HMCIOT cyMMapHyio 

SHeprHK) h(X>Y +hü)2 — mc , TO HMiiyjibCbi Bcex Tpex 4>OTOHOB AOJKKHM jie>KaTb Ha OAHOH 

npHMofi H TperHH 4>OTOH c sHepraeH ft ö>3 = mc   HcnycKaeTcs B HanpaBjieHHK B TOHHOCTH 

o6paTHOM HanpaBjieHHK) HcnycKaHHH nepBbix AByx. fljia BHeuiHero noA>KHra "nojiHOCTbio" 

CTHMyjinpoBaHHOH aHHHrHjwHHH Tenepb noTpe6yerca TpH nynica <J)OTOHOB - ABa 

napajiJiejibHbix B OAHOM HanpaBjieHHH H OAHH B npoTHBonojio>KHOM HanpaBjieHHK. 



Oco6oe 3HaneHHe HMeeT BbipojKfleHHbin cjiynafi paßeHCTBa SHeprHH 

%C0X = ftO)2 = mc /2, Kor^a ÄBa napajiJiejibHbix noTOKa <})OTOHOB oflHoro HanpaBjieHHfl 

CJIHBaiOTCfl   B   OflHH   nOTOK,   Ka>KflbIH   (J)OTOH   KOTOpOrO   HHflyUHpyeT  B   aicre   aHHHrHJMUHH 

opTono3HTpoHHa HcnycKaHHe cpa3y flByx KBaHTOB c aHeprnen %CO = mc /2. B pe3yjibraTe 

K03(J)4)HqHeHT ycHjieHHa 3Toro nynKa ^OTOHOB B03pacTaeT BABoe no cpaBHeHHio c nyHKOM 

BCTpeHHblX       (J)OTOHOB.       IIpH       3TOM,       yCJIOBHfl       flOHJiepOBCKOrO        pejIHTHBHCTCKOrO 

npeo6pa30BaHHH nacroTbi no^pKHrafomnx (J)OTOHOB B 3-TOM nynice BflBoe Gojiee Mancne, neM 

npn noA^cnre flByxKBaHTOBoß HHuyinipoBaHHOH aHHHrHjunjHH napano3HTpoHH5i (1). 

HanpHMep, npn aHepran noa>KHraK)mHX ^OTOHOB  ho)igfi=0,5KsB Tenepb flocraTOHHO 

Hcnojib30Barb PCJMTHBHCTCKHH nynoK aTOMOB opTono3HTpoHna c 3HepraeH ajieicrpoHOB H 

no3HTpoHOB    mc2/= 130 MaB    (/«250)    npoTHB   260lVfoB    ana   AByxKBaHTOBOH 

aHHHrHJiauHH napano3HTpoHna. 

HenpeMeHHbiM aTpn6yTOM CTHMynnpoBaHHOH aHHHrHJiauHH no3HTpoHHa B nojie 

flByx BCTpeHHbix nyHKOB (|)OTOHOB HBjmercfl flHHaMHHecKaH pacnpeaejieHHaa o6parHaa CBJOb 

Me>Kfly BCTpeHHbiMH BOJiHaMH. Po>KfleHHbie 4>OTOHbi no caMOMy CMbicjiy nnayuHpoBaHHoro 

H3JiyHeHHH 0Ka3biBaK)TCH 6e3ynpeHH0 c(J)a3HpoBaHHbiMn H nonaaaioT B HyacHyw Moay. 

HejiHHenHOCTb o6paTHoß CB5I3H onpeaejraer flHHaMHKy ycnjieHna BCTpeHHbix nyHKOB 

4>OTOHOB H npn onpeAejieHHbix ycjiOBHHx Bbi3biBaeT jiaBHHOo6pa3Hyio HHaynnpoBaHHyio 

aHHHrHJIHUHK)   aTOMOB   n03HTpOHHM,   KOTOpaa  COnpOB05KflaeTCH   H3JiyHeHHeM  rHraHTCKoro 

HMnyjibca raMMa KBaHTOB. 

3. flMHaMMKa ycHJieHMfl BCTpeHHbix nofl>KMraK)iMMX nynxoB. napano3HTpoHHM. 

B CHCTeMe KOopaHHar, flBH^cymeHCH BMecTe c nyHKOM aTOMOB napano3HTpoHHfl c 

KOHueHTpauneH N , ycnueHHe BCTpeHHbix noTOKOB raMMa KBaHTOB c njioTHOcno  I   H  I 

[CM'V
1
] B TejiecHOM yrjie AQ H cneicrpanbHOH nojioce Aa>0 — 1/r , paBHofi oöparHOMy 

BpeMeHH >KH3HH napano3HTpoHHJi, onncbiBaeTCH B crannoHapHOM cjiynae ypaBHeHHHMH 



— = ß(sN-V)II* +Y£N(I + I*) + eQe a(N+ + N_)I 
dz T (2) 

- — = ß(sN -1)//* + ysN(I + /*) + £0s a(N+ + N_)I* 
dz T 

(3) 

rae MHoacHTejib 8 = AcoQ I Aa>D noKa3HBaeT aojiio aTOMOB no3HTpoHHH, 

B3aHMOAeHCTByK)mHX C BHeUIHHMH noßJKHraiomHMH nyHKaMH (J)OTOHOB, (N++N_) - 

coBOKynHoe HHCJIO ajieiopoHOB H no3HTpOHOB B nyHKe. üepBbie HjieHbi ypaBHeHHH 

OTBenaioT 3a flByxKBaHTOBoe craMyjiHpoBaHHoe HcnycKaHHe HJIH norjiomeHHe $OTOHOB C 

K03({)<})HIJHeHTOM ß  [CM4c] npH aHHHrHJDm,HH HJIH pO>KfleHHH aTOMOB n03HTpOHH5I, BTOpbie 

HjieHbi yHHTbiBaK)T cnoHTaHHO-CTHMyjiHpoBaHHoe HcnycKaHHe $OTOHOB  BO  BcrpeHHbie 

nyHKH I  H I*  C  K03$CpHHHeHT0M   y    [CM2],  TpeTbH HJieHbl  OnHCblBaiOT HHCTO  CnOHTaHHOe 

HcnycKaHHe, npnneM MHO>KHTejib eQ = AQ/4;r noKa3biBaeT AOJIIO $OTOHOB, nonaAaiomnx 

T T* B TejiecHbiH yroji AQ, oxBaTbiBawmHH nyHKH I H 1 , H nocjie^HHe HjieHbi xapaicrepH3yK)T 

nojiHbie noTepn (JDOTOHOB H3 Ka>KAoro nynKa c ceneHHeM pacceaHHa <j [CM ]; z - 

npoAOJibHaa KOopAHHaTa 30Hbi ycHjiemüi c AJIHHOH L . 

IlojioacHTejibHoe ycHJieHHe c dl/dz > 0 H - dl /dz > 0 aocTHraercji ecjin 

2/?(£N-1)n*>[ö-(N++N_)-2/£N](I + r)-2f0fN/r . (4) 

OTCiofla, BBom HHTeHCHBHOCTH noaacHraiomHx nyHKOB 4>OTOHOB Iign H Iign =Iign/// Ha 

Bxofle B o6jiacTb ycHJieHHH, nojiynaeM ycjioBHe, KOTopoe MOHCHO paccMaTpHBaTb KaK 

noporoßoe fljia noA^cnra 

V>Io(1 + ^), C>Io(1 + M)/M      . (5) 

rfle 

Q-(N+ + N_)/N0-2g7 

(6) 
Io" 2sß 



H nocjieflHHH HJieH B (4) onymeH H3-3a MajiocTH MHO>KHTejia 8Q, a Taicsce npeflnojiaraerca, 

HTO HanajibHaH KOHueHTpauHH aTOMOB no3HTpoHna N0 flocraroHHO BejiHica, Tan HTO 

sN0 »1. 

ECJIH HHTeHCHBHOCTH BCTpeHHbix nyHKOB cymecTBeHHO npeBbiuiaiOT noporoBHH 

ypoBeHb, TO B ypaBHeHHJix (2), (3) MO>KHO npeHe6penb BceMH HjieHaMH, Kpoiwe nepBbix. 

Tor^a nojiynaeM 

dl       dl 

dz       dz 
= J&TNII* 

(7) 

oxKyaa d(I + I*)/dz = 0 H I + T = Iign + I*ut = I-gn + Iout = const , r«e Iout H I*ut - 

HHTeHCHBHOCTH  nyHKOB  Ha BblXOfle  H3  o6jiaCTH yCHJieHHS.   Pe3yJIbTaTOM  HHTerpHpOBaHPW 

CHCTeMbi (7) HBJiaeTCJi TpaHcuenaeHTHoe ypaBHeHHe pjw "HHCToro" 3HaneHHH BMXOAHOH 

HHTeHCHBHOCTH I„ = IQut - I;      = I*ut - Iign   Ha flJIHHe yCHJlCHHJI L 

I ^ 

ign 

-1    r. 

V^gn 

a-+1 + /i In 
J 

V 
n_+1 

V^gn        J 
^i + 1 

V     1ign        J 
= lUteNL (8) 

me N - cpe^Haa KOHuempaHHfl aTOMOB no3HrpoHHJi B nynice 

L 1 N = -JN(z)dz 
o (9) 

PeineHHe 3Toro ypaBHeHH» npeflcraBjieHO Ha pnc. 1 B BHAC 3aBHCHMOCTH In/Iign OT 

napaMerpa aKTHBHOCTH ycnjiHBaiomeH cpeflbi  A = Iign/feNL  AJIH pa3JiHHHOH creneHH 

accHMMerpHH HHTeHCHBHOCTefi noflÄHraiomHX nyHKOB (|)OTOHOB (J,. 

OcoöeHHOCTbio KpHBbix HBjweTCH Hx HeoflH03HaHHocTb H rHCTepe3HCHbiH xapaKTep. 

IIpH    flOCTHJKeHHH    napaMCTpa    aKTHBHOCTH    A    KpHTHHeCKOrO    3HaneHHH     npOHCXOflHT 

jiaBHHOo6pa3HbiH cKanoK Ha BepxHHH ynacTOK S - o6pa3Hbix KpHBbix H pe3Koe B03pacTaHHe 

CKopocTH HHAyuHpoBaHHOH aHHHrHjrauHH, conpoBOKflaiomeecH H3JiyHeHHeM rnraHTCKoro 

HMnyjibca raMMa KBaHTOB. 



HeOÖXOflHMO  OTMeTHTb,  HTO  pa3pbIBHbIIl~ XapaKTep  KpHBblX Ha pHC.l   HMeeT CBOefi 

npHHHHofi fleficTBHe AHHaMHHecKofi pacnpeflejieHHOH o6parHofi CBJBH Me^ny BCTpenHbiMH 

noTOKaMH  (J)OTOHOB  [16].  Ko3<})(J)HUHeHT o6paTHoft  CB5I3H  p   ,   onpeijejraeMbiH  nepe3 

npHpameHHe njiOTHOCTH noTOKa $OTOHOB oöpaTHOH BOJIHW dl   Ha sjieMeHTe AJIHHH dz 

nofl aeHCTBHeM npHMofi BOJIHW C njioraocTbio noTOKa I, HMeeT BH^ 

1 dI*       R MT* 

I dz (10) 

HejiHHeHHbifi xapaicrep  CBJBH  Me>K/]y  BCTpenHbiMH  BOJiHaMH  oöycjiOBjieHHbiH  aicraMH 

CTHMyjiHpoBaHHO-CTHMyjiHpoBaHHOH aHHHrHJiHUHH napano3HTpoHH5i npHBOAHT K pocry 

K03(|)<})HHHeHTa   CBH3H/7    BMeCTe   C    I      ,   HTO   H   flBJWeTCJI   npHHHHOH   JiaBHH006pa3H0r0 

pa3BHTHH npOUeCCa HHJTyUHpOBaHHOH aHHHrHJWHHH. 

3. BepoHTHOCTb MHflyuwpoBaHHOM aHHHrnjinuMM napano3MTpoHMfl 

CßJBb     MOK^y     BepOaTHOCTbK)     CnOHTaHHOH     H     HHflyUHpOBaHHOH     aHHHrHJWHHH 

napano3HTpoHHfl npome Bcero ycraHOBHTb c noMombio cooTHomeHHH 3HHiiiTeHHa Meac^y 

CneKTpajIbHbIMH KOSCJ^HHHeHTaMH CnOHTaHHOrO  H3JiyHeHHH   A(co)   H  HHflyUHpOBaHHOrO 

H3JiyneHH>i B(<£>) [17] 

A     hü)3 

2   3' 
B       7Ü C (11) 

TjxQ K03(])(J)HHHeHT   A(ü))   onpezjejuieT BepojrrHOCTb  cnoHTaHHoro  H3JiyHeHH*  <})OTOHa 

nacTOTbi 0) B cneiapajibHbiH HHTepßaji du) H HHTepBan TejiecHbix yrjioB dQ. 

da 
dWs = A(o))do) 

AK ' (12) 

a KostJxJjHUHeHT B(ö?)  - BepoHTHOCTb CTHMyjiHpoBaHHoro H3JiyHeHHJi (JjoTOHa TOH ace 

nacTOTbi 

dW; = B(ö))U(ö),ö,^)döxiQ (13) 



B npHcyrcTBHH ajieicrpoMarHHTHOH BOJIHM cd crieicrpaJibHO-yniOBOH njiOTHOCTbK) SHepraH 

\J(a>,0,<p). C noMOinbio cooTHOineHHH 3HHuiTeHHa (11) nepenHiueM (13) B BHfle 

yÄOÖHOM ÄJTH flajibHeHinero npHMeHeHHfl 

dWt = (X2/4)A(o))l(o),k)dcodQ <14) 

rAe l(o),k) = \{co,6,(p) - cneKTpajibHO-yrjiOBaH njiOTHOCTb noTOKa (JJOTOHOB (apicocTb) 

CTHMyjlHpyiOmerO H3JiyHeHHJI C flJIHHOH BOJIHM X H BOJIHOBbIM BeicropoM k. 

BepOHTHOCTb      B      eflHHHUy      BpeMeHH      «ByXKBaHTOBOH      CnOHTaHHO-CnOHTaHHOH 

aHHHrHJMi^HH aTOMa napano3HTpoHHH c H3JiyneHHeM <})OTOHa nacTOTbi CO B cneicrpajibHbiH 

HHTepBan du) H HHTepBaji TejiecHbix yrjiOB dQ paBHa 

dQ. 
dWss = Wssg(^-<y0)d«—-, 

An (15) 

r«e W = 1/r - o6paTHoe BpeMJi >KH3HH napano3HTpoHHfl, Wss = a mc /(2h) = 

0,8.1010 c"1 [11], g(a>) - 4>yHKUHa JIopeHua c IIIHPHHOH Aa>0 = 1/r H ftco0 = mc2. 

Hcnojib3ya flBaacflbi nepexoa OT (12) K (14),  HafifleM cHanana BepoHTHOcrb B 

eflHHHUy BpeMeHH CnOHTaHHO-CTHMyjIHpOBaHHOH aHHHrHJIflHHH 

dWis = (X2/4)Wssg(o- co0)l(co,k)dcodn , <16> 

a 3aTeM H cTHMyjiHpoBaHHO-CTHMyjiHpoBaHHofi aHHHrHjMHHH napano3HTpoHHa 

dWü = (*;t74)W„g0» - fflb)I(fl>,k)r(a>,-k)dfljdn (1?) 

BO   BCTpeHHblX   nOTOKaX   CTHMyjIHpyfOmerO   H3JiyHeHHfl   C   HpKOCTbK)    <J)OTOHHbIX   nyHKOB 

l(ß},k)Hi*(ö?-k)- 

CooTBercTBeHHO, CKopocTHasc KOHCTaHTa y B ypaBHeHnax (2), (3), OTBenaiomaa 3a 

BKJiafl CnOHTaHHO-CTHMyjIHpOBaHHOH aHHHrHJMHHH, paBHa 

r = ^/(2*), ' <18> 



rae  AQ = 2;r/j/(mc)=2,4.10"10cM ecTb KOMrrroHOBCKaa nnima BOjiHbi H  ^=0,9.10" 

2°CM2, a CKOpOCTHaH KOHCTaHTa ß , flaiOmafl BKJiafl CTHMyjIHpOBaHHO-CTHMyjIHpOBaHHblX 

aKTOB aHHHrHJIflUHH HMeeT BHA 

2 ACOQAD. (19) 

4. HMCJieHHbie oueHKii Ann napano3HTpoHMfi 

HHCJieHHbie oueHKH npeflcraBJieHbi fljra nynica, B KOTOPOM aTOMOB napano3HTpoHHH 

B    10     pa3    MeHbiue,    neM   cBOÖoflHbix   ajieicrpoHOB   H   IIO3HTPOHOB,    a   creneHb 

MOHOKHHeTHHHOCTH TaKOBa, HTO flOJI» aTOMOB napan03HTpOHHfl, B3aHMOflefiCTByK)mHX c 

(|)OTOHHbIMH nyHKaMH, COCTaBJiaeT £ = 10"   . 

üoporoBbie apKOCTH nozpKHraiomHX nyHKOB <|)OTOHOB oneHHBaiOTCfl no (5) H (6) 

BejiHHHHaMH Iign/(A6>0AO) > 8.1022 CM"
2
 crpaa"1    H    I*gn/(A6)0AQ)>8.1020 CM"

2 

crpafl"1, rae npHrorr KOS^HUHCHT accHMMerpHH //=100 H yrreHO, HTO OCHOBHOH 

npHHHHOH noTepb raMMa KBaHTOB H3 nyHKa HBJMCTCH KOMmroHOBCKoe pacceaHne ^OTOHOB C 

ceneHneM B paccMarpnBaeMOH oGjiacra nacroT paBHbiM [11] <x« 0,4(8;r/3)r0 = 

2,6.10"   CM
2
 (r0 - KjiaccHHecKHH paflHycajieKTpoHa, r0=2,8.10"  CM). 

napaMerp aKTHBHoera epeflbi, KPHTHHCCKHH fljra Hanana noA>KHra jiaBHHOo6pa3Hofi 

HHflyunpoBaHHOH        aHHHnuianHH        napano3HTpOHHfl        onpe^ejinercst        ycnoßneM 

Acr = (L   /feNL)   ~1   (CM.   pnc.l),   KOTOpoe   RSW   noporoBoro   3HaneHHa   apicocTH 
\   ° /er 

nozpKHraioinero <j)OTOHHoro nynica Iign/(A<y0AQ) =8.10 CM"
2
 CTpaa"1 MOJKCT 6brrb 

yflOBJieTBopeHO, HanpnMep, npn N = 10   CM"
3
 H L = 10M . KpnTHHecKHe 3HaneHHH Acr H 

IIn/I-   J    jiorapH(})MHHecKH cjia6o 3aBHCjrr OT creneHH accHMMeTpuH nojpKnra ju , HTO 

no3BOJifleT HaaeHTbca Ha CTapT npouecca jiaBHHOo6pa3HOH HHßyuHpoBaHHOH aHHHrHjinuHH 

no3HTpOHH« c ypoBHfl njiOTHOCTH noTOKa cnoHTaHHbix (J)OTOHOB, HcnymeHHbix npn 

cnoHTaHHO-CTHMyjiHpoBaHHbix  aicrax aHHHrHjrauHH,  TO  ecTb  B  OTcyrcTBHe  BHeiimero 

noflJKHraiomero nynica l . B STOM errynae HMeer CMHCJI Hcnojib30BaTb npeHMymecTBa 



pejwTHBHCTCKoro flBHaceHHfl aTOMOB no3HTpoHHa. KaK yKa3biBajiocb Bbime, BcrpeHHoe 

flBHJKeHHe aTOMOB no3HTpoHHH B riynice c pejwTHBHCTCKHM <J)aKTopoM y « 500 n03BOJiaeT 

B  473=5.108  pa3 CHH3MTb apKOCTb nofl>KHraiomero <f)OTOHHoro nynica. Kpoiwe Toro, 

3HeprHfl $OTOHOB B noa>KHraiomeM nynKe MoaceT 6biTb cHH>KeHa, corjiacHO (1), B 2y=10 

pa3. B HTore, noporoßoe 3HaneHHe cneiopajibHO-yrjiOBOH njiOTHOCTH noTOKa SHepnoi B 

noA^KHraiomeM nynKe cocTaBHT 0,8.10     sB CM'
2
 crpafl"   , HTO nona/jaer B anana30H 

flOCTH)KHMbIH C nOMOIllbK) peHTreHOBCKHX jia3epoB. 

5. flMHaMMKa ycuneHiifl BdpeMHbix nofl>KnraK)iMMX nynKOB. OpTono3mpoHUM. 

JIaBHHOo6pa3Hoe rojiyneHHe rHraHTCKoro HMnyjibca raMMa KBaHTOB nponcxoflHT H 

npH BHeumeM no;pKHre TpexKBaHTOBOH HHoyHHpOBaHHOH aHHHrajwijHH opTono3mpoHJw. 

B Bbipo^caeHHOM cjiynae, Koraa nofl>KHr ocymecTBjraeTCfl pßywi BCTpenHbiMH nyHicaMH 

(J)OTOHOB    C    nJlOTHOCTHMH    ÜOTOKOB    I    H    I      H    3HeprH5IMH    <J)OTOHOB,COOTBeTCTBeHHO, 

%CO = tiCO0/2 = mc2/2    H   fi<D* = fico0 = mc ,   CTaunoHapHbiH   npouecc   ycrnieHHs 

onHCbiBaeTCH CHCTCMOH H3 flByx ypaBHeHHH 

1 dl dl* 2 • 
2dz       dz    x 

Hm-erpHpoBaHHe STOH CHcreMbi npHBOflHT K TpaHCHenzjeHTHOMy ypaBHeHHH) 

(20) 

In 
V    lign        J 

(     I N 

V    Jign       J 

(  j 2^2 

2^ + 1 + - 

+ 

2i 
ign 

V    *ign MJ 
2^- + 1 + - 

V    •'■ign MJ 

(   I       ^ 
2-^ + 1 

V    lign       J 

= IL^NL 
(21) 

rae In = I*gn - C = (l/2)(lign - Iout) - HHCTbiH Bbixofl nyHKa I*, a Iign H I-gn = Iign/// 

I1JI0TH0CTH   BHeiHHHX   nOTOKOB   nO,ZPKHraiOIHHX   (})OTOHOB   Ha   BXOfle   B   OÖjiaCTb  yCHJieHHfl. 

PeuieHHe 3Toro ypaBHeHHH npeflCTaBjieHO Ha pnc.2 B BHfle 3aBHCHMOCTH  IQfiim   OT 

napaMerpa aKTHBHOCTH cpeflbi A = \  ^NL npn pa3JiHHHbix 3HaneHHHx accHMMerpHH 

HHTeHCHBHOCTefi   nOfl>KHraK)mHX   nyHKOB.   BHflHa   HeO£H03HaHHOCTb   STOH   3aBHCHMOCTH, 



CBHfleTejibCTByiomaH     o     jiaBHHOo6pa3HOMf'   pa3BHTHH     npouecca     HHflyunpoBaHHofi 

aHHHrnjMUHH npn KpHTHnecKHX 3HaneHHax napaMerpa aKTHBHOCTH A = Acr ~ 1 . 

CKOpocTHan KOHCTaHTa % , Bxoflamaa B ypaBHeHHH (20), McmeT 6biTb nojiyneHa 

cjieflyHDmHM o6pa30M. Hanarb Ha^o c Bbipa>KeHHfl mm BepoHTHoera B ejimmuy BpeMeHHH 

CnOHTaHHOH    TpeXKBaHTOBOH    aHHHrHJUHJHH    C    HCnyCKaHHeM    flByX    (J)OTOHOB    HaCTOTbl 

Co = CO0/2    B    OAHOM    HanpaBjieHHH    H   TpeTbero    $OTOHa   nacTOTbi    CO   = COQ    B 

npoTHBonojiOÄHOM HanpaBjieHHH B nacTOTHMH HHTepBaji dco H TejiecHbifi yroji dQ 

(22) 

r,ne W[    cBH3aHa c o6paTHbiM BpeMeHeiw HCH3HH opTono3HTpoHHH 

1=2(^-9)a6mcl=071oV 

T0 9x h (23) 

cjieayiomHM cooTHOineHHeM [11] 

wf°> =    2       1 

{n  -9)a0T0 (24) 

IIpHMeHiw 3aTeM Tpnacflbi nepexoa OT (12) K (14), npmieM K BbipaaceHHio win CKopocrH 

"nOJIHOCTbK)"     HHflyUHpOBaHHOH     TpeXKBaHTOBOH     aHHHrHJmUHH     OpTOn03HTpOHHfl     BO 

BCTpenHbix <J)OTOHHbix nynKax 

f       o\ 2 

dW*°> =  4"   Ws
(0)g(a>-^)I>,k)r(2co -2k)d*xlQ, 

OTKyAa flJIH CKOpOCTHOH  KOHCTaHTbl   %   HHZjyUHpOBaHHOH  aHHHrHJUmHH  OpTOn03HTpOHHH 

nojiynaeM cjieayiomee BbipaaceHHe 

4 4    .     1 
X

 ~ K{K
2
 - 9) r0

2c2 (AfflbAQ)2 ' " (26) 

OneHKa noporoBofi HJIOTHOCTH noTOKa <J)OTOHOB nojpcHraiomero nyHKa npHBOflHT K 



Iign> 
o-(N++N_)(^ + 1)l1/2 

(27) N s% 

MTO AaeT Hpe3BbiHafiHO 6ojibinyK) noporoßyio apKocrb Iign/(Aö?0AD) = 1,5.10     CM" 

crpan"1 , ÄajieKO BbixoflJimyio 3a npe^ejibi B03MO>KHOCTeH coBpeMeHHbix HCTOHHHKOB 

H3JiyneHHH H aeJiaiomyK) noflacnr HtmyijHpOBaHHOH aHHHrHjwuHH opTono3HTpOHHH B 

Hacrojimee BpeM« HepeanbHbiM. 

6. 3aKJiK>MeHne 

IIpoBe,zjeHHbiH aHajiH3 pacKpbiBaer ocHOBHbie npeHMymecTBa H HeAOcraTKH Merofla 

BHeuiHero   noa>KHra   BcrpenHbiMH   (JJOTOHHHMH   nynicaMH   npouecca   HH^yuHpoBaHHOH 

aHHHrHJWUHH aTOMOB n03HTpOHIW: 

• ycTaHaBJiHBaercji npucymHH JiHiiib flByxKBaHTOBOMy CTHMyjiHpOBaHHOMy HcnycKaHHio 

BO BCTpenHbix nyHKax cneuHajibHbifi BHä flHHaMHnecKOH pacnpe^ejieHHOH oöpaTHofi 

CBH3H 6e3 KaKHx-jiHÖo OTpa>KaiomHx CTpyicryp. 

• HejiHHeHHOCTb     oöpaTHOH      CB5I3H      c      KOSC^HijHeHTOM,      nponopijHOHajibHbiM 

HHTeHCHBHOCTH   rtyHKa   <f)OTOHOB,   BbI3bIBaeT   JiaBHH006pa3HyK)   aHHHrHJDmHK)   aTOMOB 

no3HTpOHHa, conpoBO^cflaiomyioca H3JiyHeHneM raraHTCKoro HMnyjibca raMMa KBaHTOB. 

• B03M05KHOCTb       HCIIOJIb30BaHHfl       peJMTHBHCTCKHX       nyMKOB       aTOMOB       n03HTpOHHH 

cymecTBeHHO CHHacaer Tpe6oBaHiw K HCTOHHHKy nofl>KHraK)mHx <J)OTOHOB BcrpeHHoro 

HanpaBJieHHH. IIpH 3HeprHH 3JieKTpoHOB H no3HTpOHOB mc y « 260 MSB {y « 500 ) 

noporoBaa cneicrpajibHO-yrjioBaa njioTHOCTb noTOKa 3HeprHH B no,a>KHraiomeM nynice 

cocTaBJiaer AJIH napano3HTpoHHH BejiHHHHy 0,8.10 aB CM" crpaA" , nonaaaiomyK) B 

AHana30H petnreHOBCKHX jia3epoB. 

• CnoHTaHHbie ^OTOHM,  HcnycicaeMbie B KaagjOM aicre cnoHTaHHo-CTHMyjinpoBaHHofi 

H3JiynaTeJlbHOH aHHHrHJKmHH aTOMOB n03HTpOHHÜ, BbBBaHHOH OflHHM TOJIbKO nepBbiM 

nozpKuraiomHM nyHKOM, HfleanbHO noaxoAHT nm noaneflyiomero ynacraa B aicrax 

flByXKBaHTOBOH  CTHMyjIHpOBaHHO-CTHMyjIHpOBaHHOH  aHHHrHJIfllJHH  H,   CJieflOBaTejIbHO, 

Moryr HrpaTb pojib BToporo noflacHraioinero nynica. 



•    OcymecTBJieHHK)   noflOÖHoro   npouecca "cerofliw   MeinaeT  OTcyTCTBue   HCTOHHHKOB 

nOA^CHraiOIUHX    raMMa    KBaHTOB    flOCTaTOHHOH    HpKOCTH    (flJUI    OpTOII03HTpOHHH)    H 

ÄOCTaTOHHofi fljiHTejibHOCTH HMnyjibca (fljw napano3HTpoHHfl) H noaTOMy 

npeHMymecTBa Merofla BHeineHro ncwKHra HH,nyijHpOBaHHOH aHHHrHjiflijHH aTOMOB 

no3HTpoHHfl Moryr, no-BHflHMOMy ycneniHO npoHBHTbca jiHiiib B OKOHCHHOH cryneHH 

HCTOHHHKa raMMa-KBaHTOB (HanpHMep, nocjie peHTreHOBCKoro HJIH raMMa Jia3epa, 

pejwTHBHCTCKoro OHflyjwTopa HJIH jia3epa Ha CBo6oflHbix ajieicrpoHax H T. n.) fljra 

nonyneHKH KpaTKOBpeMeHHoro HMnyjibca raMMa 4>OTOHOB 3HanHTejibHOH IIHKOBOH 

aMiuiHTyÄbi. 

H&miasi paöoTa BbinojiHeHa npw nacTHHHOH noaziep>KKe POCCHHCKOTO <f>(mm 

OyHflaMeHTajibHbix HccjieaoBaHHH (rpamr N° 96-02-17686a) H EOARD (npoeicrbi SPC-96- 

4032 H SPC-96-4033). 
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