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Population kinetics of laser levels of neodymium ions
in POCl; — SnCl, —*°UO;" — Nd*" excited

by fission fragments

E.A. Seregina, |A.F. Dobrovol’skii|, D.V. Kabakov, A.A. Seregin, G.V. Tikhonov

Abstract.  The population Kkinetics of laser levels of
neodymium ions in the uranium-containing
POCI; — SnCl, - UO;" — Nd** laser liquid irradiated
in a BARS-6 pulsed reactor is studied experimentally and
theoretically. The relations between the populations of the
upper and lower laser levels are studied at different time
moments with respect to the pump pulse. An inverse
population of laser levels is observed and found to be directly
proportional to the pump power. The efficiency of pumping of
the upper laser level of neodymium ions in the laser medium
by uranium fission fragments is determined, and quantitative
information is obtained on the inverse population, gain, and
their dependences on the pump power.

Keywords. uranium- and neodymium-containing liquid, phosphorus
oxychloride, nuclear pumping by fission fragments, population
kinetics, inverse population.

1. Introduction

The development of new laser technologies and their
commercial application require various inexpensive sources
of laser radiation. In the future, some of such sources can
be nuclear-pumped lasers and laser amplifiers, in which the
nuclear fission energy is transformed into the energy of
laser radiation [1, 2]. Today there are known even more
than thirty various gas media lasing under pumping by
fission fragments [3], and the principal possibility of energy
conversion from chain fission reaction into laser radiation is
shown [4]. However, the obtained parameters of the fission
energy conversion into laser radiation of available gas
media do not satisfy specialists. This stimulates the search
for new laser media in which the kinetic energy of fission
fragments is converted into laser radiation more efficiently.

One of the ways in this direction is to use liquid laser
media instead of gases. Laser-active liquids are more
promising than gaseous media. In liquids the kinetic energy
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of fission fragments is converted into the energy of excited
active ions almost ten times more efficiently than in gases.
Liquid laser-active media have extremely high energetics. In
particular, optical pumping of a laser liquid based on
phosphorus oxychloride (POCl; — SnCl, — Nd 3+) allowed
one to achieve an output energy of ~ 6 J for a 150-us pulse
from a cubic centimetre of the active medium [5]. These
advantages of nuclear-pumped liquid lasers can be realised
only in the case of successful solution of two problems.
First, it is necessary to find an uranium-containing laser
material with a high radiation resistance, a low absorption
at the generation wavelength, a low viscosity (for better
circulation), and without precipitation both when operating
and in storage. Second, one must obtain lasing in this
uranium-containing medium under irradiation by a reactor,
which cannot be done without understanding physical
processes proceeding in liquid laser media upon nuclear
pumping.

We were the first to develop and patent [6] a technology
to synthesise a new-generation uranium-containing laser
liquid (POCly — SnCl, —***UO}" — Nd*"), which satisfies
all the above requirements and has a concentration of
neodymium ions up to 5x 10* cm™ and an uranium-
235 concentration up to 5 x 10" cm™>. This material has
already demonstrated lasing under optical pumping. Thus,
the problem of creating an uranium-containing laser liquid
for nuclear pumping is solved. However, lasing in this
medium under nuclear pimping has not yet been achieved.

Our previous experimental studies [7] and model calcu-
lations [8] showed that the efficiency of conversion of the
kinetic energy of fission fragments into the excitation energy
of neodymium ions in the inorganic laser liquid
POCI; — SnCl, —***UO;" — Nd*" is high enough to create
a nuclear-pumped liquid laser operating in a four-level
scheme. In the case of optical pumping, the four-level
approximation is quite satisfactory to describe the operation
of neodymium lasers. However, under nuclear pumping,
laser levels are excited via a different, much more compli-
cated mechanism. Hence, in this case, it is very important to
study the population kinetics and efficiency not only for the
upper but also for the lower laser levels of the neodymium
ion.

In this paper, we consider the population kinetics of the
lower and upper laser levels of neodymium ions upon
nuclear pumping and determine the time domain of exis-
tence of inverse population and its dependence on the
energy deposition by fission fragments in the laser medium.
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2. Theoretical simulation of population of Nd>*
laser levels under nuclear pumping

To experimentally study the population kinetics of the
upper and lower laser levels of neodymium ions in a laser
medium (Fig. 1) excited by fission fragments, we propose a
method similar to the luminescence dumping method
described in literature [9, 10]. The essence of the method
consists in measuring a change caused in the intensity of the
4F3/2 4)419/2 transition of the neodymium ion in a nuclear-
pumped medium by the propagation of a probe laser beam
with a wavelength resonant with the 4F3/2 -y, 2 laser
transition.

Figure 1 shows the energy level diagram of the Nd*"
ion. The population of the ith level N; of the Nd** ion in an
unexcited medium is described by the Boltzmann distribu-
tion

Ni(T) = Niexp [—AE,-/(kT)}, M

where N, is the concentration of neodymium ions in the
medium; AE; is the energy difference between the ith level
and the ground state; k is the Boltzmann constant; and T is
the medium temperature in kelvins. The energy of the upper
4F3/2 laser level of the neodymium ion in the studied
medium can be determined from the 4F3/2 — 419/2 lumi-
nescence spectra. The lower level energy is difficult to
measure directly due to a high absorption of the medium in
the IR spectral region. At the same time, Fig. 1 shows that,
knowing the experimental energies of the *Fj n = I, /2> and
4F3/2 —>4111/2 transitions, one can determine the position of
the 41“/2 level. It was found that these energies in
POCI; — SnCly; —*UO05" — Nd*" laser liquids are 1.389
and 1.179 eV, respectively, and, hence, the energy of the
lower laser level is 0.21 eV. Thus, the population of the
lower 4111/2 laser level at a temperature of 293 K is 3.24x
107*N,, while the population of the upper laser level is more
than 20 orders of magnitude smaller than N, i.e. the upper
level at room temperature is almost completely empty
compared to the lower level. When a probe laser beam with
a wavelength resonant with the I}, 2 —>4F3/2 transition
propagates through an unexcited medium, a part of this
beam is absorbed and excites neodymium ions from the
1, /2 state to the upper excited *F, /> state. This causes a
spontaneous luminescence from the upper laser level to all
the lower-lying levels including the ground state. The
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Figure 1. Energy level diagram of the Nd*" ion . The thick arrow shows
the laser transition, the thin arrow presents the studied transition, and
the dashed arrows show the transitions corresponding to the absorption
or amplification of the probe laser radiation.

luminescence from the upper laser level to the ground state
induced by a probe laser beam can be measured with
appropriate devices.

The excitation of a medium by fission fragments causes
spontaneous luminescence of neodymium ions. As a probe
laser beam propagates through the medium, the population
of the upper *F; /2 laser level rapidly changes due to either
absorption or amplification of radiation with the wavelength
A = 1053 nm. This results in a change in the luminescence
intensity at the 4F3/2 —4 ly/> transition. If this intensity does
not change, this means that the populations of the upper
and lower levels are equal to each other. Thus, the change in
the 4F3/2 —4 Iy, luminescence intensity at the instant of
propagation of the resonance laser beam allows one to
estimate the population ratio of the upper (*Fj /2) and lower
(4111/2) laser levels of the neodymium ion in the
POCl; — SnCl, — UOF" — Nd*" laser liquid excited by
fission fragments. These populations are described by the
system of equations

dnN N

—= = w3(N) — N3) + 6I(N, — N3) — =,

dnN. N N, — N

d7t2= wia(Ny — Ny) — 6I(Ny — N3) + — — 22
32 T2

where N3 and N, are the concentrations of neodymium ions
at the upper and lower laser levels, respectively; N, is the
equilibrium concentration of neodymium ions at the lower
level [see Eqn (1)]; wy; and w;; are the nuclear pump rates
of the upper and lower levels; ¢ is the stimulated emission
cross section at the 4F3/2 H4111/2 transition; I is the photon
flux density in the laser pulse; 7, and 3 are the lifetimes of
the lower and upper laser levels; and 1/73, is the probability
of the radiative 4F3/2 —>4I”/2 transition.

The nuclear pump rate of the lower laser level can be
written in the form [8]

Oxerl;(7)
f)=——= 3
wlZ( ) Nthvzl > ( )
and the pump rate for the upper level is
o3eplp(1)
=" 4
wi3(?) N, “)

In these expressionsx & = 172 MeV is the energy released in
the fission of one uranium-235 nucleus; §, and J; are the
efficiencies of pumping of the lower and upper levels; hvy;
and hvs; are the energies of transitions from the ground
419/2 level to the 4111/2 and 4F3/2 levels, respectively; and
I(¢) is the intensity of uranium fission in 1 cm® of a laser
liquid, which, for a two-zone pulsed reactor, is well
described by the expression [8]

E.x 02 t—t
It) = 2% e (O m)
f( ) 201&15 v P <4TC91§S elas

\/T-':(t — tm) Qr
x {1 *erf[ N 2%&5} } ©)

Here, E, = 2 x 10'7 is the number of fissions per pulse in
the two zones of the reactor; V is the volume of liquid in the
cell; » is the experimentally measured geometric factor
dependent on the cell position with respect to the reactors;
tm = 165 ps is the time for which the reactor pulse reaches
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the maximum; 6, = 80 ps is the neutron pulse duration in
the active zone of the reactor; 0},; = 140 ps is the neutron
pulse duration after neutron moderation in the region of
the cell with the uranium-containing laser liquid; and erf (x)
is the error function.

When solving the system of equations (2), it is necessary
to take into account that N; + N, + N3 = N, N»(0) = Ny,
and N3(0) = 0. Then, system (2) is transformed into the
system of equations

dN. N-
d—3 = wi3(Ny — Ny — 2N3) + 6I(Ny — N3) — =,
t T3
dN-
d—tzzwlz(Nt—2N2—N3)—aI(N2—N3) (6)

N3y N, —N
G N N Ny

32 T2

System (6) cannot be solved analytically and was solved
numerically. Figure 2 shows the populations of the lower
(41“/2) and upper (4F3/2) laser levels of the neodymium ion
in the POCI; — SnCl, —>*UO05" — Nd*" laser liquid calcu-
lated in the absence of nuclear pumping. In calculations, we
used the following typical parameters of a liquid laser
medium: N, = 1.8 x 10 cm™>, Ny =12x107*N,, ¢ =
8x 107 ecm?, 13=200ps, 713 =830ps, and 1, =
0.01 ps. The stimulated emission cross section ¢ and the
radiative lifetime 73, are taken from [11]. One can see from
Fig. 2 that the laser pulse with an energy density of 1 J cm™>
excites a part of neodymium ions from the lower to the
upper laser level due to the resonance absorption of light. At

the instant of pulse propagation, the concentration of ions
sharply decreases at the lower level and increases at the
upper level. Then, the equilibrium at the lower level is
rapidly restored due to the short lifetime 7,, and the
concentration of neodymium ions at the upper level begins
to decrease according to its lifetime, which, in this case, is
200 ps.

In the case of nuclear pumping, the situation is more
complicated. Figure 3 shows the time dependences of the
upper level population N3, of the equilibrium population
Ny, of the lower laser level, and of the lower level
population N, — N, induced by fission fragments, which
were calculated for the pump energy densities E;, = 7 and
14 J cm 3. Here E,, is the specific energy deposition equal to
the kinetic energy of fission fragments absorbed in 1 cm® of
a liquid. The efficiency 6 of pumping of the upper laser level
was taken to be 1 %. As can be seen from Fig. 3, in the case
of pumping by fission fragments, the relation between the
populations of the lower and upper laser levels changes at
two successive points on the ¢ axis. These points divide the
plots into three successive time regions. In the first region,
the population N, of the lower laser level exceeds the
population N3 of the upper laser level. In the second region,
N, becomes smaller than Nz, which corresponds to the
inverse population. In the third region, N, is again higher
than N;. The calculation results given in Fig. 3 show that
the region of inverse population extends with increasing the
energy deposition by fission fragments in the laser medium.
The first of these points at the ¢ axis allows one to determine
the minimum pump threshold needed to obtain inversion in
the laser liquid. This threshold for the used liquid was found

to be 1.6 Jecm™>. This minimum pump energy density
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Figure 2. Calculated relative populations of the lower (a) and upper (b)
laser levels of Nd** in the laser medium upon propagation of a probe
pulse with a wavelength of 1053 nm, a duration of 10 ps, and an energy
density of 1 J em™2.
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Figure 3. Calculated populations of the lower (N, — N,) and upper (N3)
laser levels in the liquid excited by fission fragments with energy
depositions of 7 (a) and 14Jcm™> (b) at N, =18x 102 em ™3,
Ny =58 x 10" cm™>, and 6 = 1 %.
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corresponds to the minimum theoretical lasing threshold in
the ideal case of the absence of losses on the walls of the cell
with the laser liquid and on the cavity mirrors, as well as of
losses related to the light absorption and scattering in the
laser medium.

Figure 4 presents the populations of the upper and lower
laser levels calculated in the case of propagation of a probe
pulse with an energy density of 1 J cm ™2 and different delays
with respect to the onset of the pulse of pumping by fission
fragments with an energy deposition of 7 J cm™>. If the
probe pulse propagates with a delay of 150 us with respect
to the time moment ¢ = 0 (i.e. in the region where N, > N3),
the absorption of the probe light sharply decreases the
population of the lower laser level [curve (/) in Fig. 4a] and
increases the population of the upper laser level [curve (/)
in Fig. 4b]. When the probe pulse delay is 320 us, we
observe the opposite pattern: the nonequilibrium population
of the lower level [curve (2) in Fig. 4a] increases and the
population of the upper laser level [curve (2) in Fig. 4b]
sharply decreases.

Ny — Ny /102 em™?

0 200 400 600 800  ¢/ps

N3, Ny /10" ecm™
10 |

0 200 400 600 800 1/ps

Figure 4. Time dependences of the populations of the lower (a) and
upper (b) laser levels in the medium pumped by fission fragments with an
energy deposition of 7 J cm™> upon propagation of a probe pulse with

delays of 150 (/) and 320 (2) ps.

It should be noted that the maximum increase in the
lower level population with respect to the equilibrium
population in the process of nuclear pumping is small
and does not exceed one percent.

Thus, our calculations show that the pumping of a
neodymium-doped laser liquid by fission fragments with an
energy deposition exceeding the minimum theoretical
threshold creates an inverse population of laser levels. Since
the luminescence intensity is proportional to the upper level

population, the changes similar to calculated (Fig. 4) can be
observed in the intensity of the luminescence from the upper
to the ground level experimentally measured at the instants
of propagation of a probe pulse with different time delays
with respect to the pump pulse. In this case, according to
calculations, the inversion should increase with increasing
the specific energy deposition in the medium.

3. Experimental technique

The experimental technique and the results of preliminary
experiments were considered in detail in our works [12, 13].
Here, we will briefly describe the scheme of experiments in a
BARS-6 reactor (Fig. 5). Hermetically sealed quartz cell (2)
with the studied medium (POCl; — SnCl, —**UO;" — Nd**)
was placed in polished cone (3) and positioned between
active zones (/) of the pulsed reactor. Since the main
contribution to the medium excitation is made by the fission
fragments of uranium-235 isotopes, the cell was enclosed in
neutron moderator (4) in order to increase the number of
fissions. The cell with the studied liquid excited by fission
fragments was irradiated from the measuring room by a
shot of probe laser (5) with the wavelength 4 = 1053 nm
resonant with the laser transition.

As a probe laser, we used a Q-switched
POCI; — SnCl, — Nd>* laser with passive Q-switch (7) (a
Cr*" : YAG crystal). The pumping and recording units were
triggered synchronously with the pulse of the BARS-6
reactor. The probe beam energy was measured with calo-
rimeter (23), which received a portion of laser radiation
from quartz plate (22). The laser pulse was recorded with
pin-photodiode (25). The laser pulse energy was 0.7 0.1 J
and the pulse duration was 20 ns. With the use of a system
of mirrors, the laser radiation was directed to the cell placed
in the reactor room. The luminescence from the cell was
directed by cone (3) to spherical mirror ( /4) and then by
mirrors (/2) and ( 13) to plane aluminum mirror ( /5) with
an aperture of 10 mm in diameter, through which the probe
laser beam entered the reactor room. The luminescence
reflected from mirror ( 15) was sent by mirrors (/16), (17),
and (/8) to the measuring room, where it was focused by
lens (20) on the window of FEU-100 photomultiplier (217).
In front of the FEU window, we placed a band-pass filter
that transmitted only the luminescence of neodymium from
the upper laser level to the ground state (4 = 880 4 50 nm).

To measure the fission rate during the reactor pulse, we
used vacuum fission chamber (26) located in a special
channel of the neutron moderator in the close vicinity to the
studied cell. The pulses from the fission chamber, FEU-100,
and pin-photodiode were fed to a recording system con-
sisting of TDS-220 and TDS-1012 two-channel storage
oscilloscopes and a PC. The recording system, including
detectors, had a rather high time resolution (better than
1 pus) and caused no noticeable distortions in the shape of
measured signals.

To calculate the pump power, the temporal intensity
distribution of the signal from the fission chamber was
normalised to the energy distribution by fission fragments
per reactor pulse. The latter was determined by the known
amount of uranium in the cell, by the measured number of
fissions per pulse, and by the total kinetic energy of fission
fragments in a fission event. The number of fissions per
pulse was measured using a miniature glass tracking
detector and a calibrated uranium foil, which were located
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Figure 5. Scheme of the experiment in a BARS-6 reactor: (/) active zones of the reactor; (2) cell with uranium-containing laser liquid; (3) cone; (4)
neutron moderator; (5) probe laser based on the POCl; — SnCl, — Nd*" liquid; (6) pump cavity; ( 7) passive Q-switch; (M1, M2) cavity mirrors with
reflectivities of 99 % and 17 %, respectively; (8, 9, 11—13, 16, 17, 19) plane mirrors; ( 10) lens; ( /4) spherical copper mirror with the curvature radius
R =4 m; (15) plane aluminium mirror with an aperture in the centre; ( /8) spherical copper mirror with R = 6 m; (20) lens; (2/) FEU-100; (22, 24)
quartz plates; (23) IMO-2N calorimeter; (25) pin-photodiode; ( 26) fission chamber.

on the cell surface in the channel of the polyethylene
moderator.

Upon irradiation of the POCl; — SnCl, —**UO;" — Nd**
laser liquid by neutrons of the pulsed reactor, the uranium
nuclei decay into two fragment. When the fission fragments
are slowed down in the liquid, their energy is spent for
jonisation and excitation of particles, including Nd** ions.
In such an excited medium, both the upper and lower laser
levels of neodymium ions will be populated. It is expected
that the propagation of a high-power resonance probe beam
will induce a fast change in the population of the upper laser
4F3/2 level due to either absorption or amplification of
radiation with 4 = 1053 nm. This must change the intensity
of luminescence at the 4F3/2 H419/2 transition, which is
measured with appropriate devices. If the intensity does not
change, then the populations of the upper and lower laser
levels are the same and the liquid remains transparent for
the probe radiation.

It is important to note that, in this method, due to the
small volume of luminescent liquid (below 0.8 cm?), which is
scanned by 2-cm high cone (3), neither the inactive losses
nor the losses induced in the medium by fission fragments
must be taken into account because they almost do not
affect the 4F3/2 —>419/2 luminescence intensity due to the
small distance propagated by light in the laser liquid.

4. Experimental results and discussion

For experiments, we prepared two laser liquids with
identical concentrations of neodymium ions (N, = 1.8x

10 cm™) and different uranium concentrations, 1.8x
10" em™ (No. 1) and 7.0 x 10" em™ (No. 2). The laser
liquids were synthesised by a previously developed techni-
que [6].

Prior to experiments, we measured the luminescence
intensity of a sample placed between the active zones of the
reactor under the action of a probe laser pulse. Figure 6
shows typical oscillograms of a probe pulse and of a signal
of the *F, 2 -4, /2 luminescence. This figure demonstrates a
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1000 t/us

Figure 6. Oscillograms of a luminescence pulse at the 4F3/2 H4IQ/2
transition in the neodymium ion (/) and a probe laser pulse (2)
propagating through the medium in the absence of a reactor pulse.
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rather high sensitivity of the recording channel. The energy
deposition by fission fragments was 5+0.5J cm™> in the
case of liquid No. 1 and 10—14 J cm ™ in the case of liquid
No. 2. In all the cases, we recorded an inverse population of
the upper laser level in the region of the maximum
spontaneous radioluminescence. The results of investigation
of liquid No. 1 are described in [13]. In this study, we
investigate in detail liquid No. 2.

Figure 7 presents the luminescence intensity of the
neodymium ion at the transition from the upper laser level
to the ground state observed in liquid No. 2 excited by
fission fragments and irradiated by a probe laser pulse at
different instants with respect to the reactor pulse. One can
see from Fig. 7a that, in the initial period of the reactor
pulse, the luminescence intensity increases under the action
of the laser pulse. In this case, the probe pulse passes ahead
of the pump pulse maximum by Ar = —115 ps. However,

even at Ar = —55 ps, the laser pulse causes no changes, i.e.
the populations of the of the upper and lower laser levels at
this instant become identical due the nuclear pumping
(Fig. 7b). As the probe laser pulse shifts to the luminescence
pulse maximum, one observes a strong decrease in the
luminescence intensity. The time delay of the laser pulse
with respect to the pump pulse maximum in Figs 7c and 7d
is 165 and 235 ps, respectively. The luminescence intensity
decreases under the action of laser pulses until the pop-
ulations of the upper and lower levels become identical
again. In the case of liquid No. 2, this occurs when the laser
pulse is delayed from the pump pulse maximum by about
510 ps (Fig. 7e). With a further increase in the delay of the
laser pulse (Fig. 7f, Az = 800 ps), the upper level population
becomes higher than the population of the lower level and
the 4F3/2 —>419/2 luminescence intensity again sharply
increases at the instant of the laser pulse propagation.
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Figure 7. Time dependences of the luminescence intensity ( /), of the probe laser radiation (2), and of the pump power density (3) for different

instants of probe pulse propagation through a laser liquid.
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It is important that the increase in the luminescence
intensity observed in our experiments is directly propor-
tional to the increase in the energy deposition by fission
fragments. This circumstance indicates that the population
of the lower level upon nuclear pumping is low and does not
affect the amplification properties of the medium within
experimental errors.

Thus, the analysis of experiments with liquids No. 1 and
No. 2 showed that an increase in the energy deposition upon
nuclear pumping leads to a significant increase in the inverse
population. This is accompanied by widening of the time
region in which this inverse population exists.

The results of our experiments allow us to obtain
additional information on the laser properties of a medium.
For this purpose, note that the experimentally measured
power density of spontaneous emission of neodymium ions
is described by the expression [7]

Plum(t) = N3(Z)Eph’7/r3- (7)

Here, Eyy, is the energy of recorded photons and 7 is the
luminescence quantum yield.

Let us analyse the time distribution of the luminescence
intensity at the instants when it does not change under the
action of a probe laser pulse. This means that the population
of the upper level at these time moments (z,) is approxi-
mately equal to the known equilibrium population N,y of
the lower level, ie., N3(f) = Ny = 3.24 x 107*N,. Then,
substituting all the known values into expression (7), we can
easily calculate the absolute luminescence power density at
time moments #,. Such calculations were fulfilled, and the
obtained experimental curves were normalised to the calcu-
lated values of Py, at points ¢,. For example, the instants 7,
in Figs 7b and 7e correspond to the instants at which the
probe laser pulse propagates through the medium [curves
(2)]. The error in the determination of ¢z, was £5 ps. When a
probe pulse propagated through the medium five and more
microseconds before or after ., we recorded either a drop or
a spike in the luminescence intensity. The relative error in
the calculation of Py, (f,) due to this uncertainty in the
measurement of ¢, did not exceed £10 %. Figure 8 shows
the experimental distributions of the luminescence power
density of neodymium ions at different energy depositions.

Pium /W cm™? Py /kW cm™?
120 160
100 10
80 140
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40 120
20 H10
0 0
0 400 800 1200 1600 #/ps

Figure 8. Time dependences of the luminescence power density Py,
(1-3) and pump power density Py, (4—6) at N, = 1.8 x 10 cm™ for
[U=18%x10" ecm™, t=225ps, =061, E,=5Jem™ (1, 4);
[U=7.0x%10" ecm™, t=205ps, =055, E,=11Jcm™ (2, 5);
and [U] = 7.0 x 10" em™, 7 = 200 ps, n = 0.54, E,, = 15J cm™> (3, 6).

Knowing the luminescence and pump powers, we can
determine the pump efficiency J for the upper laser level by
the formula [7]

_ IPlum(l)dt

0= TPatdr

®)

where P;, is the specific power density of pumping by
fission fragments. Figure 9 presents the pump efficiencies
obtained in experiments in which the propagation of a
probe laser pulse did not change the luminescence intensity
of the sample. The relative error in calculation of J is
associated mainly with the accuracy of determination of
Py, and with the accuracy of measurement of the energy
deposition by fission fragments in the medium. According
to our estimates, this error in each individual pulse did not
exceed 20%. As can be seen from Fig. 9, the pump
efficiency, on average, remains constant and does not
depend on the energy deposition. Thus, the average
efficiency of pumping of the upper laser level by fission
fragments in a laser liquid at N, =18 x 10 cm™ is
0.78 £ 0.05 %. Taking into account that the pump efficiency
is proportional to the concentration of neodymium ions,
the results of this study satisfactorily agree both with the
data of subthreshold diagnostics [14, 15] and with the
experimental data obtained in a reactor by another method
using reference radiation [7].
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Figure 9. Efficiencies of pumping of the upper laser level of the
neodymium ion at different specific energy depositions per reactor pulse
for N, = 1.8 x 10% em™.

From the experimentally found distributions Py,,(7), we
can find by formula (7) the distribution N;(¢) of the
population of the upper laser level of neodymium ions
upon pumping by fission fragments. The results of this
calculation are shown in Fig. 10. Using the calculated
distributions N3(#) and taking into account that N, is
almost unchanged and approximately equal to the equili-
brium population N,,, we find the time dependence of the
linear gain (absorption) coefficient o for a nuclear-pumped
laser medium in the form

a(t) = AN(1)a, ()]

where AN(t) = N;3(f) — N»(¢) is the inverse population
density. The cross section of the 4F3/2 —>4I]1/2 laser
transition of the neodymium ion in
POCl; — SnCl, —*°U0}" — Nd** is 6 =8x 107 cm?.
The coefficient o in the negative and positive regions
corresponds to the linear absorption coefficient at the
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Figure 10. Time distributions of the populations of the upper laser level
N3 (1-3) and the lower laser level N, (4) at N, = 1.8 x 102 em ™ for

=18x em™”, t=225ps, n=061, E,=5Jcm" ,
U] =1.8 x 10" 3 225 061, E,=5Jcm™ (1)
[U]=7.0x10" em™, 1 =205 ps, y = 0.55, E, =11 Jem™ (2) and
[U] =7.0x 10" em™, 7 = 200 ps, n = 0.54, E,, = 15 J cm™ (3).
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Figure 11. Time dependences of the « coefficient (/—3) for different
energy contributions at Ny = 1.8 x 10 cm™ and time dependence of
the pump power density P, at E,=15] em™ (4).
[U=18x10"em™, 1=225pus, n= 061, E,=5Tcm™> (1),
[U]=7.0x 10" em™, 1 =205 ps, n = 0.55, Ej, = 11 Jem™ (2) and
[U] = 7.0 x 10" em™, 7 = 200 ps, n = 0.54, E,, = 15 J cm™ (3).
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Figure 12. Dependence of the maximum linear gain on the specific
energy deposition per reactor pulse at N, = 1.8 x 10% cm 3.

wavelength of neodymium emission and to the linear gain
coefficient, respectively. Figure 11 demonstrates the time
dependences of the coefficient o for liquids with N, =
1.8 x 10* cm™* at different energy depositions. In the
regions where o is positive, the upper laser level is inversely
populated and one observes a drop in the luminescence
intensity. In the region of negative o, the probe laser
radiation is absorbed by the medium and the luminescence
intensity in the experiment abruptly increases. The depend-
ence of the maximum linear gain on the specific energy
deposition is shown in Fig. 12. One can see that this
dependence is almost linear up to the specific energy
deposition of 15 J cm™ per pulse.

5. Conclusions

The process of population of the upper and lower laser
levels is theoretically simulated. The minimum theoretical
pump threshold that creates an inverse population in
neodymium ions in the POCl; — SnCl, —*°UO;" — Nd*"
laser liquid is found to be 1.6Jcm™> at N, =18x
10% ecm .

The changes in the *F, s —>419/2 luminescence intensity
of the neodymium ion are measured at the instants when a
probe laser beam with a wavelength resonant with the
4F3/2 — 41“/2 laser transition propagates through the
medium excited by fission fragments. In the region of the
luminescence maximum of the neodymium ion in the
POCI; — SnCl, —***UO;" — Nd*" laser liquid, we observed
an inverse population of the upper laser level with respect to
the lower level, which increased proportionally to the energy
deposition by fission fragments.

The obtained experimental data were analysed in detail.
The theoretical calculations well describe the observed
experimental data. It is shown that the population of the
lower laser level upon pumping by fission fragments
insignificantly affects the inverse population and the thresh-
old characteristics of nuclear-pumped liquid lasers.

Thus, the theoretical analysis and the analysis of the
experimental data show that the additional population of
the lower *I, ;2 laser level of the neodymium ion in
POCl; — SnCl, —*°UO;" — Nd** due to pumping by
fission fragments does not exceed 1 % from the equilibrium
population of this level, which is not an obstacle to
achieving a lasing threshold in nuclear-pumped liquid lasers.
It is important to note that the efficiency of pumping of
Nd*" by fission fragments depends, first of all, on the matrix
composition, while the inverse population of laser levels and
the linear gain increase proportionally to the concentration
of neodymium ions and the pump power. In our case, at the
concentration of neodymium ions of 1.8 x 10* cm™ in
POCI; — SnCl, —*°UO#" — Nd**, the maximum inverse
population and the linear gain were, respectively,
(2.05+0.20) x 107 em™ and 0.012+ 0.001 cm™' at the
specific energy deposition by fission fragments of
1457 em™,

The obtained results allow us to suggest directions of
development of a nuclear-pumped liquid laser. First, it is
necessary to improve the technology of synthesis of ura-
nium- and neodymium-containing laser liquids in order to
decrease inactive losses at the wavelength of neodymium
laser radiation to a level below 8 x 1073 cm™' at a neo-
dymium concentration higher than 2.5 x 10* cm™>. Second,
the energy deposition by fission fragments to the medium



Population kinetics of laser levels of neodymium ions

713

must be increased due to both an increase in the concen-
tration of uranium in the laser liquid and an increase of the
neutron flux density in the region of the laser cell with
respect to the flux density in the active zones of the reactor.
However, simultaneously with a higher energy deposition,
fission fragments induce higher losses at the lasing wave-
length, and hence, the third direction is to study the nature
of light scattering upon nuclear pumping and to search for
methods of its suppression.

References

1. Zrodnikov A.V. Proceedings of the First Conference on Physics
of Nuclear-Excited Plasma and Problems of Nuclear-Pumped
Lasers (NPL-92) (Obninsk, 1993) Vol. 1, p. 122.

2. Lipinski RJ., McArthur D.A. Proceedings of the Second Con-
ference on Physics of Nuclear-Excited Plasma and Problems of
Nuclear-Pumped Lasers (NPL-94) (Arzamas-16, 1995) Vol. 1,

p. 44.

3. Karelin A.V,, Sinyanskii A.A., Yakovlenko S.I. Kvantovaya
Elektron., 24 (5), 387 (1997) [ Quantum Electron., 27 (5), 375
(1997)].

4. D’yachenko P.P. Proceedings of the Third International
Conference on Problems of Nuclear-Pumped Lasers and Pulsed
Reactors (Snezhinsk, 2003) p. 5.

5. Zaretskii A.L, Vladimirova S.I., Kirillov G.A., Kormer S.B.,
Negina V.R., Sukharev S.A. Kvantovaya Elektron., 1 (5), 1180
(1974) [Sov. J. Quantum Electron., 4 (5), 646 (1974)].

6. D’yachenko P.P., Seregina E.A., Tikhonov G.V. Patent of Russian
Federation No. 2075143 dated 10.03.97.

7.  Lapidus V.I., Dobrovol’skii A.F., D’yachenko P.P., Seregina E.A.,
Tikhonov G.V. Kvantovaya Elektron., 33 (6), 507 (2003)

[ Quantum Electron., 33 (6), 507 (2003)].

8. Gulevich A.V., D’yachenko P.P., Zrodnikov A.V.,

Kukharchuk O.F. Svyazannye rezonatornye sistemy impul’snogo
deistviya (Pulsed Coupled Reactor Systems)
(Moscow: Energoatomizdat, 2003).

9. Rudnitskii Yu.P., Smirnov R.V., Chernyak V.M. Kvantovaya
Elektron., 3 (9), 2035 (1976) [ Sov. J. Quantum Electron., 6 (9),
1107 (1976)].

10.  Grigor’yants V.V., Zhabotinskii M.E., Markushev V.M.
Kvantovaya Elektron., 8 (3), 571 (1981) [Sov. J. Quantum
Electron., 11 (3), 346 (1981)].

11.  Kabakov D.V., Seregina E.A. Opt. Spektrosk., 98 (2) 254 (2005)
[Opt. Spectrosc., 98 (2), 220 (2005)].

12. Dobrovol’skii A.F., Kabakov D.V., Seregin A.A., Seregina E.A.,
Tikhonov G.V. Proceedings of the regional competition of
scientific projects in the field of natural sciences (Kaluga, 2008)
Vol. 13, p. 145.

13.  Dobrovol’skii A.F., Kabakov D.V., Seregina E.A. Proceedings of
the Fourth Conference on Physics of Nuclear-Pumped Lasers and
Pulsed Reactors (Obninsk, 2008) Vol. 1, p. 115.

14.  Seregina E.A., D’yachenko P.P., Kalinin V.V., Shevchuk O.D.,
Gilyarov O.N., Krasilov Yu.I., Kulikovskii B.N.,
Novoderezhkina T.L. Neorganicheskie Mater., 28 (1), 162 (1992).

15.  Seregina E.A., Tikhonov G.V. Chimiya Vysok. Energ. 34 (1), 30
(2000) [ High Energy Chemistry, 34 (1), 26 (2000)].



