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PROBLEMS OF ATOMIC REACTOR-LASERS

The Idea of an Atomic Reactor-Laser [1]

It is not our thought to prove the assértion that the atomic
reactor 1s the basis of the most promising of thé current ways of
obtaining energy. With the exhaustion of natural resources of
traditional fuel, atomic electric power stations are rapidly acquiring
decisive importance in the energy‘technology of many countries. These
devices, which make use of’the newest apparatﬁs, optimal materiais, and
the foremost technical solution of various problems, are unquestionably
related to the most important achievements of engineering—physics. '
- However paradoxical it may sound to the majority of'physicists not
directly connected with the devélopment of reactors, wé must begin
an account of this work with the assertion, that, in essence, an
archaic, principally backward method of obtaining eléctrical energy
is being used in all atomic electric power stations. This is not
only the personal point of view of thé authors of this work; the
‘most prominent atomic physicists never céase regretting this. -Such
an attitude toward atomic reactors is not néws; it arose. in developing
the first installations and was even reflected in the very names given;
eﬁidently, by E. Fermi: "atomic furnace," "atomic boiler". The "steam
engine" feeling of the names, which 1is slightly veking in regard to a
wonderful, modern installation, is connected with the fact that in
atomic reactors, the energy of fissiadn, libéfatéd in the initial
moments, is not trénsformed Qirectly into électrical energy, but is
' first transformed into heat. But it was S. Carnot who is credited
with recognizing the fact thét the thermal form of energy is the
poorest in quality. Heat can only partially bé transformed into
electriciﬁy, in accordance withithé comparitively low efficiency of
the thermal machine. Thus, even in the best ‘atomic electric power '
stations, the efficiency (of the change of thé nuclear fission energy
liberated in the reactors into electricity) is only approximately
one-third. The theme of this work is the discussion of a means of
deriving energy from atomic reactors which allows us to radically

improve their characteristics. From the following it will be evident
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that the basis of the new means set forth here is closely connected
with the recent progress of physics in several '"non-nuclear" direc-
tions. Thus the duration of nonconstructive regrets about the
thermal means of using nuclear energy is not so surprising.

To avoid the thermal methods, one must not assume the thermal-
ization of the nuclear-active médium, or, in other words, must not
assume "equal partition® in terms of degreé, freedom of the high-
quality kinetic energy of nuclear "fragments". To this end, it is
necessary to know how to withdraw energy from an atomic reactor _
while still in an essentially nonequilibrium phase, 1l.e., in a time
less than the relaxation time of the medium. Naturally, for the suc-
cessful implementation of such a problem one must, on the one hand,
"slow down" as much as possible the processés which lead to the
establishment of thermal equilibrium in the reactor, and on the
other hand, turn to methods of the most rapid.withdrawallof energy
from a body. By comparison with usual high-energy atomic reactors,
the time of relaxation can be increased by several orders of magni-
tude. To this end, it is necessary to transfer from traditional
reactors using solid "fuel" (uranium, plutenium) to so=-called gas-
phase reactors, in which the chemical compound of uranium (pluto-
nium), found in the gas phase under operating conditions, serves
as the material undergoing fission. The most rapid practical
method for the withdrawal from a nucléar reactor of the energy of
nuclear fission must begin, evidéntly, with its transformation into
electromagnetic radiation. This radiation must have a structure
" which allows it to be extracted from the réactor without great
losses. It is natural in this case to study the possibilities of
transforming the basic portion of the energy of the fragments into
the characteristic radiation of atoms and molecﬁles. In this prob-
leh, it is of course not necessary_to‘calcu;até thé spontaﬁeous
radiation of the medium filling the reactor, which goes -out in
directions in wide bands of.fréquenciés and is in fact abéorbed
by the medium. We are talking heré only -about thé use of forced
(induced) transitions under conditions in which_thé medium effec-
tively amplifies the corresponding radiation. The émplification
of the light presumes the existence of an'inversé population of the
enérgy levels of the medium in the course of the deviation from

thermodynamic equilibrium created by fragments of nuclear fission.
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" Thus we arrive at the conclusion that it is wise to analyze the
possibilities of transforming the energy of fragments of an atomic
gas-phase reactor into laser radiation. - Twenty or thirty years
ago, a problem stated in such a way would have seemed strange at
best to the overwhelming majority of physicists. Even now it may
seem premature to a number of specialists. ,This caution 1s easily"
uhderstood, since a great variety of questions immediately arises.

First of all, it is natural to question the practicality in

ﬁgeneral of gas-phase reactors. After all, could it happen, with

the boiler filled with a gas-phase compound of U (or Pu), that the
critical mass could turn out to be unattéinable from the supple-
mentary (by comparison with the pure material undergoing fission)
loss of neutrons which always arise in such compounds. Perhaps
such installations will always be extremely inconvenient practically.-
For example, they might have to have great weight and dimensions,
be extremely expensive, hard to run, etc. All of these questions,
of course, must be answered in detail. But such a discussion will
take a great deal of time and - as wé are trying to explain - it
relates more to the stage of choosing and calculating optimal con-
structions. So as not to answer each such question in |detail, we
will essentially say only that the expérimental»gas—phasevreactors
using hexaflouride of uranium of generally acceptable parameters do
exist. The weight of this gas at a high‘dégrée of enrichment is
rather small; for obtaining critical mass with a &90% fraction of
U235, 20~30 kg of gas is sufficient. The pressure of such a gas
may hot exceed the atmosphere, and the internal linear dimensions
of the boiler of such a reactor can be small; on the order of 1 m.
The filler of such reactors is uranium flouridé, UFg. This is a
gas—-phase compound, rather common in reactor technology, since it
is used as an intermediate product in the separation of isotopes
of uranium. We will not enumerate at this time the great number of
advantages of gas-phase atomic reactors ovér traditionél reactors.
It is more essential in this case to nbté'that, for such energy
installations, specific inconveniences would be characteristic.
Not the least important of these would be the necéssity of recon-
structing the units making the operation of thé reactors reliable.

'ORIGINAL PAGE IS
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The fact is that the material undergoing fission in the case that
is of interest to us is a gas which is not only radiocactive, but
also very poisonous. Gas-phase reactors are not yet on a par with
other atomic electric power stations, 1n a large measure because of
.this inconvenience.~ particularly because until recently, perhaps,
there has not!beala single~-clear-cut stimulus for the expendlture
of equipment andmtime for developing and introducing such devices.

No less important for us is the set of questions connected
with the procéss of the transition of nuclear fission energy into
laser radiation. The possibilities for such an effective transfor-
mation of energy are determined by several initial considerations.

1. A basic fraction of the energy of nuclear fission is con-
éentrateﬁ in the kinetic cnergy of fragments which are multiply-
charged ions (chemical elements with atomic weights approximately
one-half of those of U, Pu).

2. By far the largest part of the energy of fast, repeatedly~
ionized particles is used up in ionization as they move in the
medium.

3. The ionization of a cold, dense gas by fast, charged par-
ticles, after a rather short time leads to a recombined type of
nonequilibrium of the plasma produced; This type of'noneqdilibrium
is characterized by high density of free électrons, recombined
‘relaxation of charged particles and very high populations of excited
electron states of atoms (molecules and ions), which can exceed
their equilibrium values by ten or more orders of magnitude.

4, Recombined dense plasma with the appropriate composition,
effectively strengthens the characteristié radiation of its atoms
(molecules, ions). A series of important advantages of such a
active medium over more traditional media allows us to expect high
energy parameters of the "plasma layers" ﬁsing it [2].

For the transformation of the kinetic energy of fragments
into induced radiation, we need a sufficient equilibrium of the
plasma corresponding to the rate of recombinmation, and then to
have the frequency of nuclear fission exceed some threshold value

G> G,y . On the other hand, since in any case an appreciable
part of the energy of fission will changé into heat anyway, and if
the temperature 7 >> 1« of the gas is too high, the inversion of



the population of atomic (molecular, ionic) levels will cease,
we must consider another 1limit value of the frequency of nuclear
fissioh, which, if exceeded, will cut off the amplification of
the light from the overheating of the gas ( T > Twxp with 6 >Gog ).
- Consequently, the reactor must be iconstructed so that the boundary
frequencies of fission, determinedmﬁy its Eéfameters, per unit
volume of the gas-phase medium will satisfy with a margin of ‘
safety the condition ’

Guw > Guop. | (1)

The basic features of the types of atomic reactors discussed
here, iﬁ addition to the gas-phase of the fuel with which they are
filled, are determined also by the extent of one of the linear
dimensions. Effective laser extraction of energy is possible only
with a long reactor so that light is amplified sufficiently in
the laser-active medium. In regard to the devices under discussion,
we must also specifically take into account certain properties
which are usually considered in the construction of reactors. First
of all, it is essential that the mean free paths of neutrons in the
medium begcompafatively'large, while at the same time, the mean
free paths of the fragments should be rather short. In a gas with
a density appropriate for this problem (N ~ 3:10* =15 " )| the
mean free paths of fast fragments (ions ionized approximately 20
times) turn out to be 4,101 ex . In the conditions analyzed
below, we need not take into account the diffusion of solid charged
particles of a sufficiently cold, dense plasma, because the medium
recombination zone practically coincides with the zone of its ioni-
zation by fragments. Therefore the radiation is amplified only in
those domains in which nuclear fission is taking place, i.e., the
nuclear- and laser-active zones must coincide. Thus, in discussing
the possibilities for the effective laser extraction of energy from
an atomic reactor, we should not discuss which form of the laser 1is
located within the atomic reactor [3], but rather to a single energy
installation, reactor-lasers (RL).

We must now discuss a whole series of modifications of RL's
and their respective classifications by various indices, some of
which have a'primarily nuclear basis, while others have a mainly
optical basis. Due to the nature of the operation of an atomic

reactor, we must first of all distinguish between stationary and
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thermal-impulse RL's. 1In reactors of the first type, the neces-
sary operating conditions (¥ <T.. are ensured by the continuous
heat transfer from the active zone. The second type of reactor
uses, first of all, the heat capacity of the system itself. But
even here%(njthe case of energy applications, as far as possible,
of light impulses which are often repeated) it is not possible to
avoid the forced extraction of heat from the active zone. There-
fore the construction of all such Systems must make provision for
the partition of the installation into a rather large number of
energy~discharging elements (EDEL's) washed by .a coolant, with at
least one comparitively small linear dimension, perpendicular to
the direction albng which 1light is amplified in the active medium.
A common neutron field connecting the whole RL into a single in-
stallation is supplied by (and is used by) the gas-phase fuel of
each of these elements.: The transverse dimensions of the EDEL
must not be too small, or the energy of the ffagménts which is
lost in the walls will lower the efficiency and, besides, the loss
of neutrons will grow. |

Based on light characteristics, pulsed RL's can be in princi-
ple optically quasi-stationary and optically pulséd. Furthermore,
we must distinguish betweén RL's (both stéady—state and pulsed) in
terms of light autonomy. The first class includes generators with
a laser féedback formed by mirrors (in such RL's, thé unsaturated
amplification of the light as it passes along the active medium
muSt exceed the losses in the resonator.) To the second class be-
long light amplifiers, which allow us, in genefal, to avoid wvul-
nerable (liable to be damaged by radiation from the fragments and
the corrosive medium) mirrors, but which reqﬁire in return the
supply at the input a powerful light emission of the appropriate
frequency from the external generator.. A compromise variant is
also possible; the generation, without mirrors, of "super-lumines-
cence" under operating conditions. In an.analogous "nuclear' clas-
sification, it is interesting to examine properties at RL which are
critical relative to neutrons and their subcritical types (booster
and hybrid). | ‘
V We now move on to a more epecific exposition of several of

-the projected general Questions.



EQUILIBRIUM OF THE ACTIVE MEDIUM OF RL'S

First we will discuss the deviation of the gas-phase medium
which fills the energy-discharging elements* (EDEL's) from thermo-
dynamic equilibrium. EEigst of all, this medium rarely beéomes non-
equilibrium in terms of the veélocity distribution of heavy particles
in the acts of fission of uranium atoms, since the fission energy
is converted mainly into the kinetic energy of multiply-charged ions,
or "nuclear fragments". As a rule, a pair of fragments with energy
v 100 MeV each are seﬁaréted immediately after fission. These par-
ticles fly into the comparitively cold gas which fills the EDEL. The
overwhelming mass of molecules of this gas has a small energy cor-
responding to the temperature T ~ Oi}AeV. Thus, the particles, whose
mean density  Pock = MyGTocx (MU is the mass of a uranium atom,'
is the characteristic time of the'wasting of energy by the fragments)
is very small, each have energy nv 109 times greater than the mean
energy of one molecule in the gas. 'The space and time combination
of two such groups naturally characterizes an extremely nonequilibrium
situation with low entropy. Such a situation allows us to turn the
major part of the ehergy liberated by fission into work.

The next stage of energy conversions in the dense, cold gas
which fills the EDEL is determined by the ionization of this gas by
fragments. In the course of this external ionization, plasma is formed
of a low (in absolute quantity) degree of ionization a=NJN ( N, is
the concentration of free electrons, N is the density of the gas).
But this quantity a turns out to be higher than the thermodynamic
equilibrium value of the degree of ionization corresponding to the
given density of the gas and the temperature 7T. of the free electrons
which was obtained under these conditions. Thus (we emphasize this
again) EDEL are filled with overionized plasma. It is clear that the
same thing can be said in another way; in this plasma, with'tﬁe free

. electron density obtained in the course of the processes which accbm—

#¥This is different from the usual terminology of atomic reactors. The
traditional term "heat-releasing element". (HDEL) does not reflect the
nature of energy of an RL

RIGINAL PAUD,



pany nuclear fission, the mean energy (temperature) is low. The
concepts of "overionization" of plasma and "supercooling" of its
free electrons are eQuivalent. They characterize the recombination
type of its nonequilibrium; in such a homogeneous plasma, the re-
laxation to equilibrium is determined, obviously, by the volume re-
combination of free electrons with ions.

As we have already noted, the immediate reaction of fastvmultiply—‘
charged ions with the medium of EDEL reduces almost totally to the
‘ionization of molecules. The elastic collisions of these ions which
heat the gas, as well as the nonelastic collisions, which excite the
molecules at discrete levels have much smaller probabilities than the
ionizing collisions. But the effective relaxation reactions of the
free electrons which are formed in this way with the co6ld, dense
gas does not allow the fast lons to swing the collective plasma
oscillations. This reaction leads to the fact that nonequilibrium
of the electron distribution in the continuous spectrum forms the
essential difference from the Boltzmann law in the populatibn of a
series of connected quantum states of the gas molecules. Part of
the discrete energy levels turn out to be overpobulated and‘another
part turn out to be underpopulated. ' Precisely as a consequence of
this, the characteristic emission of molecules can be used in the
gas filling the EDEL for the extraction of enérgy from a reactor-
laser; the emission can be amplified simultaneously not from one, but
from a series of various transitions (electron, vibrational, vibra-
tional-rotational). But here, for definiteness, we will have in
mind primarily the amplification at transitions of molecules (atoms)
between electron terms. The relaxation of super-~cooled plasma forms
a recombination flow of electrons along the energy levels from the
continuous spectrum of molecules to their basic state. This leads
to overpopulation of the high-lying states, which are more closely
connected to the continuum, and to the underpopulation of the low-
lying states which are adjacent to the basic state. Under judiciously
selected conditions at the transitions, there arises-an inversion of
" populations precisely between such groups of levels. This inversion
can be used for strengthening of the radiation.

The recombination flow, which is determined by the ionization of
the gas by nuclear fragments, is obviously a pumping of the "laser
component" of the atomic reactor. This pumping can be either pulsed
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or stationary. In the pulsed variant, it is possible in principle
that the burst of the number of fissions can be so sudden that the
non-equilibrium of the distribution of free electroné, now of the
ionization type, may correspond to the increased concentration of
free electrons induced by the burst. The inversion of the population
of the discrete levels can also be connected with this type of de-~
viation (V.. T.) from equilibrium. It is precisely this type of non-
equilibrium (few superheated electrons, the process of ionization
occurs) that characterizes the active medium of a different kind-of
"gas laser" (whose active medium is recombining plasma). But it is
important to bear in mind that "gas laser" schemes of light ampli-
fication are not appropriate under RL conditions. It has already
been noted that, to achieve the critical mass of uranium for all
EDEL with judicious reactor dimensions, the gas which fills it must
be sufficienﬁly dense. With the increase in density, it becomes more
and more difficult to create the superheating of.freé electrons at a
low gas temperature necessary for the formation of the ionization
type of nonequilibrium: the pulse of fissions must be made shorter -
while the gas superheats more rapidly. The "gas-laser" method loses
practically all effectiveness at some concentration of gas near

N ~ 1018 cm_3. For the productive operation of RL, a density of

at least 2-3 orders of magnitude higher is‘néeded. After the
fission pulse has passed, a state of recombining relaxation begins
during which the realization of nonequilibriuum by the amplification
of 1light and the extraction of enérgy in this way can be made suffi-
ciently effective. But under the conditionshwhich we have discussed
here, the relaxation of populations of molecules and atoms occurs
rather quickly in the time =108~ 107 sec. Thus, even under con-
ditions of a very short, téchnically real fission pﬁlse, the ampli-
fication of light must still arise before the end of this pulse.
Consequently, in the analysis of a RL we must first discuss the quasi-
stationary (or stationary) modes.

'~ We begin with the previous assertion that under quasistationary
"working conditions in the_gés_which fills the EDEL nonequilibrium of
the recombination type is alwayé established. We will establish this,
limiting ourselves to the three-dimensional homogeneous stationary
conditions. Let z denote the mean number of electrons generated in

the gas by the whole "cascade" of ionizations produced by one act of
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fission of a uranium nucleus. To estimate this number, we write

E 2.1085
zzEm == 2031;6 =10" | Here Epen =200 MeV.is the initial kinetic energy

nap

"of the separated fragments and Empez1O+J$JeV is the energy consumed
(in the cascade of ionizations accompanying fission) for one ioni-
zation (the apperance in the plasma of one new-pair, a molecular ion
and an electron). The rate of change of the density of free elec-
trons is determined‘by the acts of fission of nuclei, volume recom-
bination of charged particles, and the ionization of the gas by eigen
electrons. Supposing the degree of ionization of the medium is very
small (a < 10~ 5) we will assume for simplicity that the basic act

of recomblnatlon is a triple collision with the participation of a
neutral molecule. Assuming in addition that, because of the small
degree of ionization, the densitiés of electrons and lons are equal,
we have
' dN Jdt = 2G — K N; -~ SN.N. (2)
The changes in time of the temperature Te of the free electrons are
determined by the energy intensity W of the reactor laser and the
effectiveness of the selection of the electron energy by the gas:

N \Ff,T 3 vy1s
= L= W — COv,) VLV, (3)

3 21
where A’;:thﬁ is the power released during fission per unit volume
of the medium, 0 =¢ = ¢" is the effective cross section of the ex-

change of energy between electrons and molecules, o = 2 wp(T—-—T)

v

is the cross section of the elastic transfer of energy, m and M are
the masses of an electron and a molecule, ©6ysz 1s the cross section
of the pulse exchange, v, =: :7.+ 1is the thermal rate of an electron
and ¢" is the total characterlstlc of the probabilities of electron
and vibrational-rotational tran51t10ns of molecules durlng collisions
with free electrons. In a dense gas with a large concentration of
molecules, o" >o as a rule. The superheating of the gas to a tem-
perature higher than the critical temperature 7., (dependent on the
gas compbsition and the choice of "working" levels* and usually lying
at the limit 7. ~ - .2 eV) disrupts condltlons for the effective
amplification of the light. Assuming that the condition ' -7 /.. holds,
we can, as a rule,‘dlsregard the equilibrium radiation of the gas in a

¥In quantum electronics, it is accepted to refer in this way to the
energy levels of the.active medium, between which the induced transi-
tions determine the strengthening of the radiation by the medium.
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first approximation. But the reaction of the moleculesAwith super-
cooled (precisely as a consequence of this) free electrons leads to
great nonequilibrium of the populations of the excited states. As a
result of this reaction, there arises, in particular, an inversion
of the population of molecules at the working transitions. Taking
this into account, the equation which estimates the rate of change
of the gas temperature T (more precisely, the temperature of the
heavy particles) can be presented in the form

2N = Koy + (1 =D G NN — Q, RS

where the dimenslonless parameter r effectively describes the frac-
tion of the energy of excitation of the molecules by electron colli-
sions which leaves the gas with the radiation. Here Q is the mean
rate of heat transfer from the gas to the walls of the EDEL. For a
- more detailed description of the relaxation of the actlive medium, we
must take into account the level-by-level kinetics of the population;
then in place of fhe effective parameters o" and r, we enter a larger
group of quantities (namely, parameters and variables), into equations
(2) - (4). We will not stop and discuss at this time such a descrip-
tion, which must be gone'through anew for each specific wvariation of
the chemical coﬁposition of the active medium' Neither will we take
‘into account at this time the nonhomogeneous condltlons along the
transverse cross section and -along the length of the EDEL.

In equat10ns_(2) - (4) we can frequently set dNe/dt =0,
dTe/dt = 0 assuming the dependence of Te and Ne on~the time t can
be linked only with changes of the gas temperature T(t). Such a
/qﬁuasi-stationary consideration" is justified for a nonconstant gas
temperature. This is true because, with low degrees of'ionization,
‘Whenj(1<Z]vEMp (here we are only thinking of examining such a plasma)
the characteristic time Trp of the change ef gas temperature exceeds

the relaxation times?TN and'?T of the density and temperature of
e e '
the free electrons. Taking the values T < Tup Tup==0,1+02 eV and

and taking into account the fact that the energy of formation of a

__pair of molecular 1on—free electrons 1n the plasma constltutes

E%m-10——30 eV, we see that the quasi- statlonarlty is already ensured
for a ~ 10 u.
substitution of the existing temperatures of gas and electrons will

_give a clearly nonequilibrium value [V, =~N?(1-+mn) since the term zG

The quasistationary solution of equation (2) with the

11



determines a nonzero flow of electrons inserted into the gas by
means of lonization, as if from the side. Another reason for non-
equilibrium, the difference in the temperatures of the electrons and
solid particles, has less effect on the quantity Ne' We will esti-
.mate the quantity n of the relative deviation (caused by the nuclear
fragments in the gas which fills the EDEL) of the density of free
electrons from its thermodynamic equilibrium value NZ . By setting
-G =0 1in (2) we determine the value NZ itself. The quantity Ng
corresponds to equilibrium with existing values of the density of
the gas N and the temperature of the electrons Té3,in the given '
plasma:

K,N? = SN, : : (2a)

Furthermore, by (2) we have

n= L (VTFF—1, B=boggr. (5)
Since the parameter B is positive, in the problem being discussed
we always have n>0, i.e., the plasma is in recombination nonequilibrium
(overionized, or‘equivalently, supercooled). The value of the dimen-
sionless parameter B characterizes the degree of the recombination
equilibrium. Formula (5) shows the simple connection between this
parameter and the relative deviation from equilibrium of the density
of electrons supported by a rigid source in quasistationary conditions.
In particular, | '

‘=Pl for PB<l, n=VFE  for. p>1. [(52)

The relation B2> 1 is a condition for intensive volume recombination
of the plasma. If it holds, then

2G
No=Na=} 2, (5b)

e

i.e., the term SNNe, which determines the ionization rate of the gas

by eigen electrons, need not be taken into account in equation (2).
It is clear that this affects not only the electron density, but also
the populations determined by the wvalue Ne‘ The physical conditions

for this are formulated direction from equation (5) for B.

¥The value of the gas temperature, as determined by NZ, would have
to be set equal to the electron temperature (T = T)~ but in practice
this would have no effect on the parameters S, K> 2.
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for sufficiently high energy intensities of the source of external
ionization and a low temperature of free electrons*¥ we may  assume
that these eigen electrons¥¥¥ of the plasma do not ionize molecules
but only recombine, compensating for that "side"“ionization of the

gas.

THE COMPOSITION AND PARAMETERS OF THE ACTIVE MEDIUM [4]

We will now discuss general regularities of the formation of
the inversion of populations of discrete levels of atoms (molecules,
ions) in an intensively recombining plasma. We will begin with the
fact that ﬁonelastic collisions beﬁween heavy particles and electrons
affect the populations of the excited levels in overionized plasma
with a sufficiently high concentration of free electrons UVigim4cu-%_
Under these conditions, the most likely collision transitions are
those between energetcially ciose states of a particle where the
difference in energies does not exceed the electron temperature. Due
to the effectiveness of such transitions in the disfribution of dis-
crete levels, local "blocks" are separated out. Inside each of these
the populations obey the Boltzmann law. ' That is, there is a common
population within a given block, and the effective temperature_is
the same for all blocks. . This temperature is equal to the_temperature
Te of the free electrons of the plasma. Taking this into account '
simplifies the analysis of the relaxation of the populations. In the
first stage of this calculation, the closely arranged energy levels
are united into single states (blocks) with populations Nmn==mghh%

(which are total for each flock) and statistical weights,&m;huggbgm
(Figure 1). The populations are computed of the system formed in
this way of a much lower.order. It is Simpler—than the analyzed atom.

The energy levels in it are spaced comparativelv far apart from each
other. 1In the second stage of this calculation, the settlements of

- ¥*¥By what we have said above (Formula (3)) the low (for free electrons
of appreciable density) temperature T_ < 1 eV with a sufficilent
density N of the gas is supported by Ehe cooling against solid parti-
cles of gas.

¥%¥¥) side source of gas ionization in a wide variety of problems of the
type discussed here does not mean nuclear fragments, but rather

“electrons of some external source which has been intreduced, for
example.
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individual levels within the block are found easily by the Boltzmann
formula.

Of particular interest is the band of clésely lying energy
electron levels adjacent to the continuous spectrum of (free) elec-
trons. The populafions of such levels relaxes at a rapid rate, as
it is filled by the recombination flow directly from the electron
continuum. Because of the proximity of these levels, the rate of
the.flow here is determined by transitions due to the action of the
collisions of free electrons. As the energy of the state of the atom
is lowered, the rate of the collisioh'relaxation falls, but in general,
the probability of its spontaneous radiation de-excitation increases.
Furthermore, under the defined conditions, the collisions of heavy
particles among themselves Influence the excited states, often
leading to a refinement - a sharp decrease of the populations. An
Inversion of the popuiations of these or another pair of levels
arises in such a situation, allowing for the amplification of.fadiation
on the transitions between them.

In the laser-active medium, let the|amplification of light take
place on the transition X(a) » X(b) .of the atom (mbiééule, ion) X.

Such a transition is called "working".

im
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Fig 1 : Fig. 2 Fig 3.

We will denote respectively by the indices a and b the characteristics
of its lower and upper "working" levels, with energies Ea and Eb’

Ea < Eb' Due to the inversion of the populations of these levels ,
. Na/ga<:Nb/gb by means of induced radiation transitions X‘b)4~ﬁmm-f

X (a) + 2h0,  in the medium, radiation of frequency @ = 1 (B, — £,)

is amplified at low intensities J of such radiation, its passagé
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- through the laser medium has, in practice, no effect on the popu-
lations. This same radiation strengthens 1ts intensity in proportion

to the path it takes through the medium:

' g - |
dJ = Jxedz, %= 0y (_Nb - g—b'> Ng == 0gplVy (1 —0ap)s ' (6)
where %.b is the cross-section of photoabsorption on the working

I bNa
8.,

a

transition, §,= is ‘the inversion coefficient, and % is the

coefficient of unsatﬁrated amplification., With an increase in inten-
sity, the population of the working level falls and the population of
the lower increases. When the amplification coefficient decreases,
"saturation" takes plaée. Under conditions of praétically complete
saturation /> J. , the medium is almost transparent.

L’b . = :
N, ——g—]\/aél\’b, % < K.
a

Under these conditions, the amplification of the light is proportional
to the path taken and no longer depends on the field intensity:

dJ = Cdz. We are interested in questions concerning the preparation
of the laser-active medium, and will not at this time consider the
influence of the amplified light on the population. We will only
consider spontaneous radiation transitions. We will examine the
simplest method for amplified light, the "open two-level model". We
will assume that theref?fé}m intermediate levels between the working
levels, that the enefgjmdifference E, - E, is not small, and that we
need not consider [transitions which go past the state b (the dotted
arrow in Figuré 2) 1in tﬁe fecombiﬁation flow of electrons which flows
from the continuum to discrete levels. Then the equations for the

populations of the working levels are represented in the form

dn, aN N .
i = KalNo— KiNoy  —32 = 32— Ky, (7)
Here Ka’ Kb, Kab are the kinetic coefficients, and N+, T, are the

concentration and characteristic lifetime of the ions X+. In a wide
class of questions, the "stationary drain" conditions hold” the
rates of changes of populations of the working levels are small by
comparison, with the partial rates both of their filling KabNb and
N,t, and of their refining KaNa and KbNbf Thus, in estimating the
populations of the working levels, we can set dNa/dt = dNb/dt = 0.
Then the inversion condition which the kinetic coefficients must
satisfy takes the form
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6«1 — gb ab<1 : _ (8)

We also obtain from (7) the simple formula for the population of

the upper working level
o N, = 1/K, N,/t,. (9)

If instead of the two energy isolated states a and b, the atom X
has blocks of closely lying levels (&, @, ..., ap) and (By, o ..« Bd ,

Ey — E.> | Ex — Eu|, | Eg — Ep| , then equations of the form (7) deter-
mine the kinetics of the total population of these blocks. In such
a case it is usually appropriate to choose the mosﬁ'populated lower
level B of the block (B) as the upper working level, and take the
emptiest upper level a of the block (a), as the lower working level.
The condition for the inversion of populations at the transition
B » a can be much milder -than what is written adéording to (8) for
the total population of the blocks (a) and (B); this is explained in
Figure 3.

The disintegration of the supercooled plasma can begin with
various acts of recombination: the three-particle (X + e+ Zi> X + Z)
the dissociative (XY+ + e+ X% + Y), the ion-ion (X + Y > X¥ +Y)
or X' + YT 4z > XY* + Z), the supercharged (X & + Y » (X)¥ + Y7),
etc. They all lead, with an overwhelming probability, to the filling
of the highly excited electron states of the atom (molecule, ion)
which is produced in the initial stage of relaxation. We can thus
say that the recombihation of plasma is the wmiwrsal mechanism of the
"pumping" of the upper working level; the more intensively recombi-

nation goes on, i.e., the greater the quantity N+/T then by for-

s
mula (9), the higher the population Nb of this levei; "The ampli-
fication coefficient x increases proportionally to Nb-and thus to

the relation N+/T+, it is necessary only that condition (8) for the
inversion of the populations be satisfied. This condition is ensured
if the rate Ka of refinement of the lower working level is sufficiently
high. The mechanisms of refinement must be examined on a more indi-
vidual basis, as they function according to different principles.

The possibility of their operation and the effectiveness depend both

on the general conditions (the values N, N, T, Te)’ and on the
chemical composition of the plasma. The simplest ‘and most general

mechanism of refinement is determinéd by the spontaneous radiation

16



disintegration of the lower working level
X (@) - X (0) + hwgq. (10)

In a short discussion it is not necessary to discuss specifically the
refinement of the excited state in the course of collisions with free
electrons of the plasma. We have already noted that the formation
(in the distritutin of populations of discrete levels) of blocké of
closely lying states, inside which locally - Boltzmann regioﬁs of
the distribution are rapidly established, is a result of such a process.
The refinement of excited levels during collisions between heavy
particles comes about usually either by means of the ionization of
an easily ilonized impurity by an excited particle of an atom or mole-
cule in acts determined by the Penning effect:

X¥ + Y > X + Y¥ + ¢ A (10a)
or by the particles passing into a chemical reaction, for example,
such as _ :
X+ Y +Z>XY+7, X+7YZ~>XY+7 - |(2op)
It is essential that the chemical reactions be able to make use of
particles (atoms, molecules, ions) not only from the excited states
but also from the basic electron state. We can point out two methods.
in addition to the electron excitation method for refining the basic
states. In the case of the ion, it is to recombine it into a neutral
particle (or an ion with a smaller charge).

Xt 4+ e > X*,
but in the case of a thermally unstable or even scattered molecule
XY the refinement of its term of this type proceeds with the separa-
tion of the moleéule into fragments:

XY > X + Y ' {(10c).

In order that the energy of nuclear fission be effec-

tively carried out of the atomic reactor in the form of directed
light, it is necessary to set up a series of conditlons, of which
we mention two: 1) the range of energy of the working transitions
of the medium passing into radiation must be close to the ionization
potential of the "working" atoms (molecules); 2) the intensity of
the radiation at these transitions within EDEL must be sufficiently
great so that we can neglect acts of spontaneous de-excitation‘in

comparision with acts of induced transitions,
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This last statement indicates that EDEL, - each individuélly
or taken collectively, must ensure the sufficient amplification
of light. The threshold value of the amplification coefficient
which compensates for the loss of working radiation in the medium
and in the resonator, is estimated by the quantity for which

exjiin,, ¥ =t ¥ ', where L is the length of the active medium
and £ is the fraction of intensity lost by the light in the reso-
nator as it passes through once. If t<1, then.

#eop = 1/L (In (1 ~+ £) o E/L. (11)

The value *mp can serve here only as some reference point, since
the intensity of its radiation is too small on the threshold-of
self-excitation of the laser. As has been noted above, the ampli-
fication coefficient falls with an increase of J. Therefore for
thg effective operation of an RL it is necessary to ensure a much
stronger pumping of the upper working state, at least 1-2 orders
of magnitude higher than its threshold value. Since we are not
discussing at this time specific mechanisms .of relaxation and the
chemical composition of the chosen active medium, we will assume
' beforehand that the effective refinement of the lower working
level allows us to ignore its population and to assume thgt 6ab = 0. .
We find the threshold value Wwp of the energy intensity of the
reactor laser in quasistationary working conditions from formula (2)
with SNN_ = 0. Having obtained

N,/t, = K.N; = 26,
we substitute this equality together with the condition aab =0
into formula (6). Equation (12) follows from this for the number

of fissions

Ktoop Kb

Goop = 0,52  Ogpil 'A ' (12)

The crdss section %.b of the photoabsorptidn at the working transi-
LA
tion can be represented in the form o“:!ﬁﬂ ab

e where Ac®s  and Ag
. .

are the frequency width and the wavelength of the line of this spon-
taneous transition b — aj; Aab is its probability. The width of the
line under the conditions we are discussing, as a rule, is formed by
the Doppler effect and therefore we can set Amw==103%- where %~=l/zﬁﬁ;,

is the thermal rate of the heavy particles which amplify the radiation.
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Taking this into account, we write

ooy = - 408 2 (12a)
The total probability Kb of the disintegration of the upper working
level of the active medium is computed from the probability of a
spontaneous radiation transition to the lower working level, as well
as to all remaining energy levels of the "working" particle X, which
lie below b, and thus from the probabilities of collision transitions
from level b, occurring at all states of this particle during its
collisions with electrons and heavy particles, and finally from
the probability of X(b) entering into chemical reaction. If the
densities of both the free electrons and the impurities to the
working paiticles X are comparitively small, then tlie probability
of the disintegration of the upper working level is minimal and is
determined only by the spontaneous de-excitation. Often in this
case, we can take into account only the radiation working transition,
since the remaining spontaneous transitions from the upper working

level turn out to be weakened from the reabsorption of radiation in

the dense gas. Having denoted by Gmin the minimal threshold fre-
quency of nuclear reactions corresponding to this situation, we write
Kb= Aab’ and then |
v -
G = 40§ ZLigb y Whin = GminEuen-- : ( 13 )

It is evident from these formulas that the effectiveness of the
light channel for the extraction of energy from an RL (just as the
effectiveness of the condition for amplifying radiation in any
optical quantum generator) is determined by the density J of the
total pumping through the cross section perpendicular to the direc-
tion of the flow of radiation leaving the optical resonator. 1In our
case J = WL where W is, as before, the energy intensity.  of the reac-
tor, the power of the pumping which is released in 1 ém3 of the
amplifying medium. For the minimal value of the threshold intensity

by (13) we have

v .
J oo = Waninl == 408 2.31' Egen. ’ (1 Ll)

ab

To estimate the orders of magnitude of the quantities which arise

here, we will now give some numerical values for the parameters of -
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the active medium. For example, let & = O.l,.z =1 - 107, Epp = 20 eV,
(o] - .

A, = 4000 A, v, = 10.5cm/sec”.

the rates of fission and energy intensity correspond to the three

values of length L(l) = 2m, L(2) = 10 m, L(3) = 50 m of the active

medium of an EDEL: -

The folloWing minimal values for

(1) _ 9 s -3 (1) _ . =3
Gmin = 4 , 107 fissions - cm °, Woin = 0.1 watts + cm >
(2 _ 8 ro. -3 (2) _ =3
Grin = 8 « 10" fissions - cm -, W in = 0.02 watts - cm °,

(3) _ ] 8 s =3 (3) _ ™3
Gmin = 1f6 10~ rfissions-cm -, wmin = 0.004 watts-.cm ~.

These three lengths correspond, of course, to the same thresh-
' 2

hold intensity cf fission J_., = 20 watts+em ©, From what we have
sald above it is clear that the values obtained here, which are

very modest for atomic reactors, are rough, low estimatés. So under
RL conditions, the rate of collision and chemical refinement of the
upper working level will, in general, exceed the rate of spontaneous
radiation disintegration of this level. 1In relation to this, the
true threshold intensity of the pumping Jnep can exceed Jumm Dy a
factor of ten or more, which, nevertheless, does not make the value
of the intensity Jmop tohigh. For more basic calculations, we must
turn to the discussion of specific compositions of gas mixtures and
. thermal conditions within EDEL.

The extraction of a considerable fractilion of the energy of
nuclear fragments in the form of light can modcrate the thermal
operating conditions of the work of an atomic reactor. In roughly
estimating here the critical temperature characteristics of RL, we
will assume for simplicity that in EDEL all energy from the fission
of uranium nucleiiescapés in the form of heat. It is necessary to
examine the thermal operating conditions of RL's for three reasons.
In the first place, the free electrons must be sufficiently cold, .
since only with the great supercooling is the intensive recombination
pumping onto the upper working level X(b) ipossible; here, heavy
particles of gas are a cold thermostat which allows for the cooling
of free electrons. In the second place, raising the temperature of
the gas (and of the electrons) higher than a certain characteristic -
critical value for a given chemical composition of the active medium

leads to the breakdown of the mechanisms of plasma relaxation which
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ensure the refinement of the lower level., We will illustrate this
with several examples, It is clear, for example, in the collision

of heavy particles X with electrons leading to the establishment of
local Boltzmann distributions in blocks of closely spaced states.
When Te of the electron temperature rises, settlements within the
blocks are leveled, eliminating this mechanism of effectiveness.
Raising the temperature of the gas T slows the rate at which particles.
enter into chemical reactions of the type (10b), because of the

shift of the constant of equilibrium to the side of the inverse reac-
tion. 1In the case of the scattering reaction (10b) with an increase
in the temperature T there is an increase in the number of fragments
X and Y haVing sufficiently high energy, so that - along with the,f
working transition of photodissociation (XY)¥ - X + Y + hw - with an
appreciable probability photoassociative acts can occur with absorp-
tion of energy of the working frequency [2]. The third reason for
limiting the temperature of EDEL is of a technological nature, tra-
ditional for atomic reactors. _

With a sufficiently high gas density (it is assumed V3-10¥cn™ )
and a low degree of its ionization, the temperature of the electrons
exceeds the gas temperature. Consequently, for the effectiye ampli-
fication of light, we need to ensure a sufficiently low gas temper-
ature in EDEL. Not detailing the specifics of various chemical com-
positions'of the active medium, we will start with a rough estimate
T << 3000°K. We will estimate the corresponding limitation of the
steady-state energy intensity of the reactor when the gas filling
the EDEL is cooled only at the expense of its molecular thermal
conductivity to the walls of these elements. The walls are effec-
tively’cooled by the coolant, which ensures a stationary gas temper-
ature T in the centér of the EDEL. Here it is assumed that the
cylindrical EDEL of comparitively_great‘length is cooled by the flow
of the coolant, which is being forced to-circulate, and that the flow
rapidly carries away the heat. Taking formula (4) into account, we
write '

N 2
S (T-—To), Toxnz"ﬁ, . i (15)

oxn

where %xa 1s the characteristic cooling time of the gaseous active
medium located in the cylindrical container (of the EDEL), ¥ is the
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thermal conductivity of the medium, R is the radius of the coﬁtainer,
and To is the temperature of its walls. Limiting ourselves here to
rough estimates, we will not take into account the nonuniform dis-
tribution of the gas-phase nuclear fuel within the EDEL. This non-
uniformity is determined by the large temperature gradient along the
radius. (The nonuniform density of uranium leads to_ the dependence
of the number of nuclear fissions, and thus the heat released, on

the radius within the EDEL; this same role is also played -by the
dependence of the reaction of uranium nuclei with electrons on the
gas temperature). We set ¥ =vr/oy,N , where Oyp is the cross section
of the elastic scattering of atoms (molecules) of the gas which fills
the EDEL, and by formulas (4) and (15) we represent the stationary
temperature of the gas in the form

T = To+—¢oxn—[0TW an'- . (16)

Using this last equality, we estimate.ﬂGg, the maximum permissible
energy intensity of the RL with which permissible (for the effective
amplification of light) statlonary temperature operating conditions

are still ensured
4(T, , —Tg)v
Wp = ——g—pg— -
yup -(l-_6a)

Having set Txp — To=0,2{eV oy5p =105 ca?, R =1 5 cx, v = 108 cx /sec -2

in formula (16a), we obtain
Wﬁph«41WWchmﬂ’sec’lﬁ,5Mattscm3. (17)

This quantity corresponds to the maximum permissible rate of nuclear

=3 . sec”t. 1In a reactor on thermal

235 _

fissions Gxp =~ 2-10Y"fissions - cm
neutrons with a gas-phase fuel; containing a concentration N(U
= 3 1019 cm—3, the quantity G« corresponds to a flow of neutrons
on the order of 10 -+ 10% . neutrons- cm-2sec_1. We must note that
the critical energy intensity (17) that we have given has a consi-
derable margin of error. The calculation of the dependence of the
radial distribution of the heat release intensity on the gas temper-.
‘ature will lead to a considerable increase in the permissible value
of the energy intensity. Still more imporfant is the margin of

error in (17), connected with ignoring the possibilities for a more
rapid removal.of heat from the central part of the EDEL by means of
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natural convection or forced radial circulation of the fuel.

But what must the chemical composition of the active medium
of an atomic RL be? To begin with, uranium hexaflouride must be
'pért-of the gas filling the EDEL mainly because its boiling point
Twm =~ 70°Cis minimal, among all known possible uranium compounds.
It is also essential, in analyzing the possibilities of its laser
use, that the gas UF6 be transparent in the visible band. We must
add a sufficient concentration of flourine impurities to the medium
so that the problem is not complicated by the compounds UFM and UF2
released from UF6 and settling on the walls of the EDEL. If 1t
were clear that the mixture UF. + F2 ensured laser ac@ivity'with a
high conversion efficiency of energy (consumed in its ionization)
into energy of light extracted from EDEL, we would decide at this
time on such a composition for the gas filling the EDEL. But the
properties of hexaflourine in this regard have not been studied at
this time. Therefore, it is necessary to analyze at this time several
examples of chemical compositions of the_gas in which the specifiegd
component other thaﬁ UF6 and F2 ensures laser activity. A requirement
"which must be imposed on such a component, of course, is that it he
chemically passive with respect to UF6 and F2. wWe could take, for
example, 1nert gases of flourides whose bolling points are not too
high for such a component. |

The amplifying possibilities of media which are suitable both in
terms of thelr chemical composition and their plasma parameters for
effective use in EDEL, unfortunately, have not yet been analyzed in
any detail. Nevertheless, it is possible at this time to form a
~general impression of the expected characﬁeristics on the basis of
works, carried out for different variants of recombining plasma. First
of all we must mention numerical estimates of the characteristics of
the stationary amplification of 1light in an EDEL. which is filled with
a mixture of helium and uranium hexaflouride and flourine. Here we
had in mind the use of radiation with transitions of helium atoms between
"the states He (n ="3) > He (n = 2) or of helium molecules between the
correlated (withvgivgn states) electron terms of a molecule Heé; These
transitions shut off only a small fraction of the ionization potential
of helium, and therefore the coefficient for conversion into directed

light of the energy of the ionization o6f such plasma is very small.
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Such én active medium need not be examined as one of the variants
for filling an RL, but is of interest for the development of certain
general features which characterize the problem of amplifying light
under the action of nuclear fragments. Even now this medium is com-
paritively accessible for theoretical examination; it is perhaps
simpler in this case than in the case of media of other chemical
composition to carry out model control experiments. The|mechanism
of forming the necessary populations on the working levels in this
case is the following: pumping onto the upper level is determined

by the recombination of helium ions. The refinement of the lower
working level is connected basically with de-excitation by Penning

collisions (mainly with UF, molecules):

Ho (2) + Z -~ il (i) + Z* + ¢

or

He, (2) + Z — He (1) + He (1) + Z* + e.

The estimates [4] attest to the possibility of starting a laser of
length L = 30 m on such an active medium with densities N (He) =

3 - 1020 cm_3, N-(UF6) = 3. 1019.cm_3, 90% absorption of uranium

a radius of EDEL pf R ~n 1 cm, and a common diameter of the.reactor

of &1'52. More precisely, the estimates show that with this choice
of parameters, the condition Gwp > 26Gup. is satisfied. This examination
also pdints to the desirability of lowering the concentration of the
component UF6 by approximately one order of maghitude with this
choice of the chemical composition of the medium. The lowering here
of the quantity N (UF6) will lead to several consequences. To begin
with, the rate Ks of refinement 1s lowered during ionizing collisions
of the upper working state He(3). This is precisely the basic goal
in lowering N (UF6). The rate K. of the refinement of the lower
working state He(2) is, of course, also somewhat lowered, which will
lead neither to the collapse of the inversion on the workipg'transi—
tion nor to a noticeable drop in the coeffiecient of unsaturated
amplification. The slowing of the refinement of the upper working

- level thus allows us, without lowering the coefficient of amplifi-
cation, to reduce the recombination flow (and thus the density of
free electrons and the intensity of fission) and at the same time,

24



reduce the heating of the amplified medium. But to ensure the
criticality of the reactor in terms of neutrons, it is necessary in
this case to change to the corresponding increase of the transverse
dimensions of the RL (i.e., in the simplest case of a RL with
parallelly positioned elements, to change to an increase of their
number, Figure U4). t f A _

We must note that in these%compér&ﬂi&é}&ﬂréfe variants of the
active medium of plasma lasers, for which, aloﬁé ;ith a calculation
of the relaxation, laboratory studies are also available, the theory
rather well agrees with experiment. This is true, first of éll,
in regard to results from calculating the characteristics of light
amplification in disintegrating plasma at transitions of ions of
alkali-earth elements and the suc¢cessful start-up of pulse 1asers in
such a plasma [5]. The available information indicates a good
agreement between theoretical [6] and experimental.[7] works which
deal with the generation of radiation for transitions of dimeric
molecules of inert gases from connected electron-excited states
to a basic repelling term. The disintegrating plasma in such works
is obtained by the introduction.of a beam of fast-electrohs iﬁto a
dense, inert gas of high chemical purity. Unfortunately,'the exper-
ience with thesé two types of plasma lasers cannot be

Figure 4

directly transferred to the problem of starting RL. The amplification
of light at transitions of ions or in a chemically pure inert gas
cannot be achieved in the medium which fills EDEL.

'ORIGINAL PAGE IS
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EXAMPLE OF THE ACTIVE MEDIUM OF A STATIONARY RL [8]

The nature of relaxation processes in a vigorously recombined
plasma having a carefully selected composition is favorable for
the amplification of fluxes of high energy light. According to
rather general considerations and calculations, under conditions
the transfer of ionization energy into the energy of directional
radiation with a high coefficient n»;&74—03 . In order to explain .
this, Iwe note that the upper working level in sﬁbh'afﬁiééﬁ% compriSed'H”
6f “the electron continuum may be located rather close to the
ionization boundary. The lower working level in the decomposed
‘plasma may lie close to the minimum energy of the basic state of the
working particle (atom, molecule). The best example of this is the
sﬁdcessful}generatidn of photodissociative radiation of scattered
molecules at the transition at which the lower working "level"
occuples a comparatively low energy range in the basic (heréA——
repulsed) electron term. We should note that in this case the puri-
fication of the lower working state 1s carried out apparently by the
most rapid of the chemical reactions-—— during the separation of
molecule fragments in the repuléed term. It is not possible to use
the generation of radiation in such transitions of the scattered mole-
cule, primarily due to the smallness of the section %.b (photoabsorp-
tion at the working transition) connected with the unusually wide
frequeniﬁ bandlof the correéponding line of luminescence encompassing
Aw v 10

of amplification coefficient values which are necessary for using

sec ~. Due to this, it is possible to achieve the range

laser generation in EDEL (and also for obtaining the effective
removal of energy by laser emission) only for very large populations

of the upper working level. Those values of N_ now obtained experi-

b
mentally by ionization of a dense gas by a high current relativistic
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beam of electrons exceed by éeveral orders of magnitude the values
used in traditional laser technology. For any methods of gas
ionization with this type of regime, it is necéssary to perform
intense injection of enérgy and rapid heating of the gas itself.
In the experiments mentioned here with amplification by photo-
dissociative transitions of the scattered molecules in the basic

state

,XY(z)‘—.* X(1) + Y(1) + hogs = | (18)

. Overheating of the gas above the critical température Tkp occurs
in the time At~107-+10"° sec. At temperatures of 'T>Tw there
already are many rapid atoms in the gas, for which the inverse (18)

photodissociative act is achieved
X (1) +Y (1) + ko~ XY (2),

so that the medium is not amplified, but labsorbs light at these

frequencies.

The mbre general conclusion may be drawn from the above state-
ments regarding the advantage of selecting strong radiation transi-
tions as the working transitions, with very narrow luminescent
lines, under the conditions of a stationary RL. It is natural
to try and solve the problem in the most radical way, concentrating
the discussion on an analysis of the possibilities of light amplifi-
cation in the mixture filling-the EDEL in atomic transitions. We
shall select the basic or lower state of the X atom as the lower
working level. We shall try to use its levels lying close to the
‘continuum as the upper working level. This is important for obtain-
ing a high coefficient for the conversion of energy into light,'
but the power of the oscillator at such‘tranéitions and the photo-
absorption cross sections decrease with an incréasé in the basic
quantum number. At first it appears that an analysis of thesé possi-
bilities is difficult without specifically selécting-the chemical
element X, in view of the fact that there aré too many equivalent
variations. However, this is not the case. Thé number of suitable
elements X is unfortunately very-limited. Thus an analysis must
take into account several factors, including the important calcula-

tion of the transmittance of all the mixture components_at the working
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transition. It may be expected that this aspect of the problem

does not lead to great limitations, since the transition of the X
atom from the higher>state to the basic state (or that adjacent to
it) may be effectively divided, as a rule. For sufficient population
of the level b and inversion at the transition b-+>a, if its fre-
quency wab is too large for_ény of the components (but there is an
intermediate level ¢ such that E,>E,>E, ), then in order to use
amplification at the frequency Wap we must change to longer'waveu
emission at frequencies of wac and wcb' It is possible to use not
only biquantum, but also multi-quantum partition of the working
transition. In a dense, comparatively cold gas, how can we obtain
sufficient concentrations of atoms of the necessary type? It would
éppear that in a gas mixture containing fluorine and hexafluoride of
'uranium, there may be only inert gases among all of the chemical
elements. The latter, as is known, assoclates into molecules in

excited states when they are very dense.

' In view of the statements méde above, for a unique solution
of this problem, it is necessary to consider the set of plasma
processes, during which atoms arise from molecular compounds during
- their ionization in excited states. The atoms go into a chemical
reaction as recombination relaxation takes place, forming the.
initial compounds. If the binding rate of the working atoms of .
X in their basic state is high enough, then it_is'possible to
calculate the inversion of the populations of this atom in the tran-
sitions either in this state, or in the state adjacent'to it
in terms of energy. 1In order to have the necessary binding rate,
it is necessary to find the correspondingjchémical reaction of the
element X with a large cross section énd, in addition, to have a
high concentration of the component Y_reacting with X.” We find it
necessary that the predominant part of th§ plasma ionization energy
go into the formation of excited atoms X¥. Thérefore the density
N(XZ) of the X¥ component produced must be at least one order of
magnitude higher than the concentration of thé remaining components.
Since we have already used the condition N (UF,) X>10®cx®, it may be
concluded that here we must consider the concentrations of o
N (XZ)>=10® cuw® , It follows that the compounds XZ must be

o 1S
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sufficiently volatile — in other wbrds, such a concentration is not
obtained at moderate temperatures of T;:I}p. These considerations, /117
along with the previous considerations regarding the requirements

for the components of the medium filling the EDEL, greatiy reduced

the possible variations. At .the present_time we feel that the most
suitable atom for amplifying the emission in a stationary RL is
thalium and its compound (one of the basic compounds in terms of

the concentration of the components of the mixture filling the EDEL)—
thalium fluoride.(see below [9]).

We shall thus assume that this mixture contains three components

of the following concentrations

N (TIF) ~ 3-10% =3, F [ N (UF,) ~ 3-109 ca3, N (Fy) ~ 10° cx™.

Relaxation begins when the rapid electrons of the "cascade" (which
are produced during flights in the medium of uranium fission fragments)
lead primarily to the appearance of molecular ions and excited
molecules of thalium fluoride. The thermal density of the molecular
ion (TlF)+ is very low. The depth of its basic electron term is
only two thousands of degrees: D (TIF)* ~0,2 eV. The same holds true
with respect to higher electron-excited states of the neutral
molecule (T1F).., . The thermal decomposition of the ion (TlF)+,
three-part recombination of (TlF)+ or T1+, and also disassociative
recombination (TlF)+ and mixing of the channels of recombination
relaxation T1¥ and(THﬁ% — all these acts must be reduced to the
great predominance of thalium atoms émong'the electron-excited
‘particles of the gas filling the EDEL.

The reaction cross section

Tl (m) + Fo~TIF (m) + F (19)

with a fluorine molecule of the unexcited thalium atom m = 1 belongs
to the largest cross section of binary chemical reactions Oxux ~ 1074 ca?,
The great depth of the basic term of thalium fluoride D (TIF) =~ 4,6 eV
makes it very unlikely that inverse (19) acts will occur in which
excited thalium atoms are restored. The situation is different with

electron-excited molecules, at least with those whose energy is close



'to_the ionization energy of the molecule J (T1F) % 6 eV. The
terms of these molecule states comprise in all several tens of.
eV. With a gas-temperature which is necessary for the
N (TIF) ~ 3.10% ex® concentration, such rapid invérse (18) acts of
restoring the molecule of the excited atom T1(m) make the chemical
purification of such levels m>1 of thaliﬁm ineffective even for
compa?égively high probabilities of collision transitions. With a
fluorine concentration ofiﬁ(ﬁé) ¢1019 cm~3; it.is important that the

purification rate of the state T1(l) by the chemical reaction (19)

be .sufficient, not only for the inversion of the populatibns, but also

for effective amplification of light and several transitions of the

thalium atom in the state 6P} , particularlly from the levels 8S and

7D.

'The scheme for obtaining excited thalium atoms during ionization
of a molecular gas by nuclear fragments and the outflow from the gas
of the atoms in the basic state is incomplete, since the initial and
final stages do not coincide. The cycle of thalium is not closed —
ionization occurs primarily from the lower oscillatory levels of the
basic term of the molecule, and after relaxation of the thalium
atom (which includes emission at the working transitions) and the
participation of T1 (1) in a chemical reaction (19), the molecule
is formed in the basic electron term, but at the excited oscillatory-
rotational levels (Figure 5). Since the depth of the potential hole
of the basic term is not small as compared with the ionization
potential, the problem arises of the nature of rélaxation of the
molecules thus produced. If all of the energy D (T1F) of the basic
-term passes into heat, then the coefficlent for conversion of ioniza- / 11€
tion energy into emisslon does not exceed 50% even in the best

variation of relakation, which can barely be implemented.

The linear flux, which takes place according to the act (19) of
the binary chemical reaction or during the trinary collisions of the
type TI(1) + F(1) + TIF > (TIPe + TIF , leads to the formation of mole-
cules at the hﬁgh oscillatory levels: we may spéak here of a super-
cooled nonuniformally dissociated gas. Relakation in terms of '

oscillatory levels of the deep term in this case may produce inversion



of the populations in the whole
chain of oscillatory-rotational
transitions. This is due to the
great density of the energy which
occupies the oscillatory degree of

freedom during the association of
thalium into the molecule, whereas
the molecule rotational energy

gE= rapidly is equalized with transla-

gTE tional degrees of freedom of the
cold gas. In addition, as was shown
Figure 5. in [10], under such conditions,

absolute inversion (without a change in the rotational state) is produced
in a large portion of the oscillatory transitions. Thus, in order .to
determine how high.may be the coefficient for conversion of fragment
energy into emission from the EDEL, in é_given 3~component gas mixture
T1F + UF6 + F, along with analyzing the electron working transitions

of a thalium atom, it is also necessary to analyze the effectiveness

of amplification at'oscillatory—rotational transitions of a molecule

of thalium fluoride. '

PULSE SCHEMES OF THE REACTOR-LASER [11]

It is clear that, other conditions being equal, the possibility
of greatly increasing the frequehcy G of nuclear fissions. simplifies
the problem of starting an atomic reactor, makes it possible to pro-

~duce more intense ‘emission, improves the characteristics of -light
émplificatién in EDEL, makes it possible to expand greatly the
selection of the possible active media, and makes it possible to
construct RL of comparatively small lengths (in general it makes the
technical equipment simpler, improves the basic RL characteristics
and makes them more diverse). This illustrates the importance of
examining the characteristics of RL operation'in overloaded pulsed
imodes, for which'a very high'energy intensity is characteristic for
small time intervals 14y, ~ 10¢—=10% sec. When such equipment is built
for scientific research, it is possible to keep in mind the eperation

with individual pulses. 1In the case of high energy research,
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consideration must be given to periodic Séquencés of such fission
pulses, between which the atomic RL 1is cobléd5 by some means or other
of organized heat outflow. Apparently, the intervals of time in
this case may comprise 1, ~ 10% + 1 sec. We shall confine ourselves

to examining only the order of magnitude of atomic-reactor and
optical parameters of the simplest self-modulation system of a
thermally pulsed RL with rapid neutrons. Disregarding the role in
this equipment of delayed neutrons and not taking into account the
three-dimensional nonuniformities of the problem (and consequently
the characteristic time of neutron redistribution over the activé
volume), we may write the following equation for the energy intensity
of such a RL '

dw () :
T =W, (20)

where p(0§=(k-iyk is the equipment reactivity; X — the breeding

ratio of neutrons in one "generation"; T — average lifetime of /119

“neutrons in the given reactor. In the self-modulation RL system
being discussed, the pulse of nuclear fissions is formed by rapid
transfer of the system from a subcritical state in terms of neutrons
to a supercritical state, i.e., the function p(t) at the moment it

is switched on t = 0 changes sign:

p()<<0 for t<0; p(0) =pe po>0-

" After this, the reactivity decreases with a temperature increase T
of the gas-phase active medium filling the RL. The fission intensity
increases more slowly, then decreases and the reactor ceases to

operate.

Just as in the steady state problem,.wé shall use the concept
of the critical temperature Tkp' When this is exceeded the efficiency
drops of the light liberation of fission energy from the RL. Let us
assume that Wgp", is the critical energy intensity corresponding to
this medium temperature. We shall show that under’thé conditions
of a thermally pulsed RLimgdg,_this value may éxceed by several
factors the value of Wy = Wy derived above for steady state conditions
of the RL. We shall use g to designate the portion of liberated
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(starting at the switch-on moment t = 0) energy of nuclear reactions,
and we may write in the general case '

To]——W(t) To=T(0), (21)

dt

where T, 1is the characteristic cooling time of the gas-phase
medium; TO — constant wall temperature. In the steady state mode,
- when W@ =w, at ¢t>0 , we obtain

T(t) = To + 'Wq—Wofoxn [i —_— exp (—— T:xn )] R

The quantity Wsgp 1is determined under the conditions of a

constant temperature T (o) = Typ so that

T . N » '
W§p=m(7‘np—*7’o)~ _ (22)

In the problem of the pulsed RL, in which'wé'are new interested,
changes in p(t) and W (t) form the operationaIAmodé. Therefore, in
very general conditions it is necessary to solve the differential
equations (20) and (21) concurrently, using the connéction between
reactivity and temperature. We still cannot specify the contribution
(which depends on the selection of the RL construction) of different
mechanisms to the reactivity decrease determlned by the temperature
increase. Under the reactor-laser conditions, this is primarily
determined by a decrease . with an increase in T = T (t)] of both the’
effective density of the gas-phase g;ss1onable material, and the

interaction cross section of the U nucleus w1th neutrons. We

shall confine ourselveé to the case of a linear dependence:
P(0==p§f—v[T(ﬁ~—13L We shall assume that thé»characteristic cool—~

ing time of the medium is very high or, more précisely, ngn>>; .

Then, according to Equation (21) the temperature increases in proportion

to the energy of nuclear fission liberated in the medium:
: 4

T()==To+ 4 \W @)L
. . 0 Lo -
Under these conditions_the relationship between the reactivity:-and

changes in the energy intensity acquires the simple form
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W =p—T W@ T=F1
. . -0 ) . c e
/120
or, which is the same thing:

d .
FTO==TW@, PO =r (23)

The solution of a nonlinear system of two differential equa-
tions of the first order (20), (23) with the initial conditions

p (0) =po W(0) =W, may be represented in the form

.W(t)=4W',,,exp(At;"—i)[1{exp(tm_t)]z, | (2h)

' To To

Thus, as méy he readily seen ¥, = p/2[t 1s the peak ensrgy intensity;
tm — moment at which it is achieved; the quantity 7T, = 1/p, has the
meaning of the total (in the model of. a pulsed RL) time of relaxation
of the atomic-reactor system. According to expressions (20), (23)
which we presented earlier, the nature of the pulse (24) is formed

due to the fact that, beginning at the moment the reactor is switched
on t'= 0, the reactivity monotonically decreases, slowing down the |
increase (at p > O) of the_energy‘intensity. At the moment t = tmvthe
reactivity decreases and passes through'zero, after which the
quantity W(t) also decreases. Thus, by temperatﬁre self-modulation of
the reactivity, a pulse of the nuclear fission is formed in the RL
system being discussed. As a rule, the pulse of light is somewhat

shorter.

Figufe 6 shows the dependence on time.of'thé atomic - reactor
characteristics in a self-modulation system.- The characteristic
cooling time of free electrons of the plasma filling the pulse RL is
very low. It amounts to nanoseconds, and in the majority of cases
is not taken into account for a molecular gas density of .N X 10% ca®
in which we are interested. The relationship between the time 1y,
of plasma recombination and the time Tg of atomic-reactor relaxation
may differ. We shall first assume that 1w, <<t . Then the beginning
t(l) of laser generation coincides with the moment the energy intensity
of the reactor achieves the threshold value of W (t(l)) = Waop'.

Thus, the condition W,, > Wy must be satisfied for the generation
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to occur. At TW,>Te the reactor should be constructed so that at

the time tm at‘which the maximum energy intensity is achieved in it,

the temperature does not exceed the'criticalAvalue Tkp’ The moment

t(2) that laser generation stops is determined under these conditions
by the smaller of two limiting values ty = min (ta, to); T (t) =Txp W (&) = Wiop,.
According to Formula (5.5) the moment of the énergy intensity maximum
and the moment that laser generation begins differ from the relaxation
time To by the logarithmic factors

W | W aop
tmztoln(lg ‘ﬁ), Ly == Toln( W, ).

In order to use the fission energy efficiently, the parameters of the

device must be selected so that the relationship Wn;étﬁ is satisfied.
The effectiveness of removing the energy from the.feacfdr by meané of

a laser 1is reflected in the value of q. Naturally, this depends on the
temperature T. In the calculations we can disregard the dependence

of g on T, which is most strongly apparent beforé the critical

temperature is achieved. At £ #s in this case we have
t ATl (Twy—TON
— ‘o) m el L
[t +em(og)]" = [t exe (] + S

It thus follows that the peak

power of the light i1s maximum at
te) = tm» and the duration of

laser émission pulses may be deter-

mined by the quantity

, ~ W,
A= tm — t_(l)'__ To In (4 "’nop_)

If we have Wmn> W, , then

N (Typ —To)

—pe_, (25)

Figure 6. ' (W m)mox o ——5 =

which is related to the simple relationship between the parameters
of the pulsed RL beam analyzed

00 =% (Tup — T). | - (26)

Assuming W = (Wnmsx » from (22), (26) we obtain

T,

“mmn o Joa ger GB 1S (27)
21, p AL PA 7
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We should recall that in the system of a steady staté RL discussed
above, the energy liberating elements (EDEL) have the form of long
tubes with a small radius R; and the heat is removed by thermal con-
ductivity from the medium to the wall. In the CaSé of ordinary |
molecular thermal conductivity, the characteristic cooling time of
the gas “Toxn =< Oynp/R*N/(4vy) , assuming that the cross section of
elastic collisions equals oy = 10-®cx? and seﬁting thé thermal
velocity at vy = 10%ca- sec”! when "R=1cm, N =3-10% cu? ., | We thus obtain
Txa==1 sec. In the case of natural or forced convection in EDEL,

such a characteristic time may be decreaséd by two-three orders of
magnitude. The reactor relaxation time essentially depends on the
initial reactivity. Tt is thus necessary to use the values

0o~ 102 = 10-1. At -T~5.40-° we then obtain ‘T, = 5-10-° + 5.10 sec.
Thus according to (28) the criticall power of a pulsed Teactor
may exceed by 3-4 orders of magnitude the valﬁé calCulatéd for a
steady state RL mode without convection.

If we are not considering achieving the maximum emission inten-
sity in a pulsed mode, but rather obtain_optimﬁm convérsion of fission
energy into light, we must change to thé RL parameters for which
T (t) =~ Typ. Thus

t(2) o~ Ty ln [(16W51)/W0Wnop]’
so that, as compared with the previous calculation, the duration of

the emission pulse doubles
A" 2 gy — gy o 27g In (AW Waop) = 247 . The critical energy intensity

of the reactor in this mode decreases as compared with ﬁ%

Ni(Typ— Ty) _ W op ,jﬁ 1 (’me Wion )1

' Wp = —7 s -2 -

Kp 3
"y

It now seems to us that it is more unlikély, but still possible,
to realize another limiting state of the characteristic RL times
1&82910. ﬁnder such conditions the Valué of thé makimum energy
intensity. of the reactor does not play a role in the process (in which
we are interested) of extracting its energy by means of light. All
of the light characteristics are only deterhinéd by the total fission
energy per pulse Eﬂ&':=§IV(ndt . In analyzing the 1imitiﬁg relationship
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of the operational conditions of a pulsed RL connected with this, / 122
there is no sense in resorting to the self-modulation System or
using formula (24) for the change in energy intensity with time,
The parameters of such anRL must be selected baséd on the fact that
the medium cannot be overheated above a temperature Tkp which is
critical for the laser problem. Thus, it is necessary to perform the
calculations only for the heat capacity C of the gas, without '
taking into account its thermal conductivity during a pulse;:
C(Typ— Ty) = EMT ., Under these conditions, we must examine the possi-
bility of using not only thermally but also optically pulsed modes of
RL operation — modulation of the quality of an optieal resonator.
(possibly, the method of mode synchronization). Using an RL, this
type of solution makes it possible to producé!lﬂﬁ% pulses of very

high energy and duration nm+~;ﬂf°+eﬂké'sec.

" The calculation results indicate that, in the simplest
self-modulation system of a thermally pulsed RL, generation parameteré
will be achieved which are very high as comparéd not only with
existing parameters, but also with- those predicted by laser systems.
In pulsed RL systems, it is possible to usé even photodissociative
transitions of separated molecules (such active media, as is known,
are rapidly overheated). An appreciable reserve 1s now apparent
for future overloading of the pulsed RL mode. It consists of the
transition to two-cascade self-modulation systéms, and also systems
of the sub-critical type. 1In the latfer, the réactivity remains
negative, and the atomic-reactor device transfers the flux of . ‘
neutrons (which is external to it) formed by the rélativistic
electron beam (in this case it is assumed that we are discussing
"booster" systems) from the pulsed thermonuclear dévice (thus we
are speaking of "hybrid" systems). In this connection, it is
advantageous to note the important possibilities of using pulsed
RL systems to create a pulsed thermonuclear device and to thus
obtain a single energy-producing device which operates in a mode of
periodic pulses. In the latter, a pulse of thermonuclear neutrons
with high energy is passed through the subcritical atomic RL, formed
in this‘éase without enrichment of uranium with the isotope U235. The
light pulse produced as a result of the fission of uranium - is directed

partially toward producing the subsequent thermonuclearlpulse.
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FURTHER DEVELOPMENT OF THE PROBLEM

It appears to-us that we have outlined the preliminary
directions to be pursued by work on correcting and implementing
the basic RL ideas. -The pressing nature of this work 1is now deter-
mined by the apparent necessity of mankind to find methods for
efficiently utilizing energy, and for the possibilities of the
systéms proposed to solve this problem.

Based on the features of the systems discussed here, we shall
itemize (without taking into consideration their sequence in terms of
importance or of time), the basic measures to be followed in implementing

such systems.

1. It is necessary to establish the laser activity of several
variations of filling EDEL. .The most efficient experimental method
~at present conéists of analyzing the optical characteristics of the
dense plasma produced in the persistence of thé sharply cut off
puise of the transverse field. It would be desirable to start as
fast as possible research on the properties of uranium hexafluoride

in a mixture with fluorine, and also thalium fluoride with fluorine.

2. It is necessary to analyze the amplifying possibilities
of dense gases of an appropriate composition ionized by an electron
beam both in steady state and in pulsed conditions. It is necessary /123
to investigate the properties of media with a combination of laser-
active and nuclear-active components, placing the vessel in a neutron
field of the necessary strength (in an atomic reactor of the

traditional type).

3. It is necessary to analyze the operétion of the simplest
gas-phase reactors of the type discussed here.

I. The search must be continued for media for filling EDEL
which will amplify the emission under conditions of supercooling
of electrons. In addition to laboratory analysis of the optical
properties of UF6 and T1F in mixtures with fluorine, it 1is . ’
necessary to perform chemical and thermodynamic studies of the
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conditions'for prolonged maintenance of the chemical composition

of the required gas mixtures.

5. Studles must be performed on a théorétical analysis and
laboratory implementation of different modes of heat transfer from
the gas filling the EDEL.

6. Attention must be paid to solving the chémical-engineering
problems related to the prolonged .coexistence of EDEL walls with a
very active content. The question must be considéred of maintaining
an operational state the end mirrors and_optical windoWs for with-

drawing the high energy emission from the reactor.

7. | It is necessary to study the préblem of the design of EDEL.
The competing systems may be those which are moreitraditional for
lasers - straight tubéé_withwend mirfofé;—fhé'éféat number of which
(»~10“) pfovidés“the criticality - and the less traditional lasers -
spira; tubes of great length.

8. Neutron-reactor research must be carried out on
possible active media. Analyses must be made of the behavior of
neutrons in long tubes, and the stability conditions for their uniform
distribution in terms of length. The dependence of density of the
gas phase_fissionable‘material within EDEL must be examined. The
propagation of a pulse of rapid neutrons in non-steady state RL
systems must be studied. Rapidly switching on the reacticity under
conditions of a pulse-phase reactor of high energy must be examined.

9. -Training must be begun for physics faculties in the

~corresponding specialties. There is still no information on the
non-traditional methods (which are necessary in the studies) for
experience with a theoretical analysis of such media. in the pro-

grams of universities and engineering-physics institutes.
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