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for determining the energy deposition
in gas-flow nuclear-pumped lasers

A A Pikulev

Abstract. An interference technique is developed for deter-
mining the energy deposition in gas-flow lasers pumped by
uranium fission fragments. It is shown that four types of in-
terference patterns may be formed. Algorithms are presented
for determining the type of interference and for enumerating
the maxima in interference pattern.
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ped lasers.

1. Introduction

Detailed studies of the energy deposition in the active me-
dium are necessary for creating powerful cw lasers pumped
by the fission fragments of uranium [1]. A knowledge of the
energy deposition is required for determining important
parameters such as the efficiency of a laser, temperature of
the working medium, stability of the resonator, optical pro-
perty of the laser beam, etc. Usually, the energy deposition
is determined by two methods: the method of pressure drop
in the sealed cells of nuclear-pumped lasers (NPLs) [2—-4],
and the method of thin wires used both for gas-flow
channels and for sealed channels in lasers [5].

The first method can be used for determining only the
average energy deposition, and the second one for determin-
ing the energy deposition distribution over the channel
volume. Note that the method of thin wires yields not
the energy deposition, but rather the total energy flux trans-
ported by the fission fragments, so that the energy deposi-
tion can be determined only if the density of the gas is
known at each point.

In addition to these two methods of determining the
energy deposition, one can also use the interferometric
experiments, which were earlier carried out for determining
the optical inhomogeneities emerging both in the sealed [6]
and in gas-flow channels [7, 8] of NPLs. The density and
temperature of the gas, and hence the energy deposited in it,
can be determined directly from the interference patterns.
The experiments [7, 8] were performed using the gas-flow
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setup with plane uranium layers, which is a prototype of the
LM-4 working laser setup [9]. Note that because the pulse
duration of the VIR-2M reactor used for pumping was
about of 3 ms [10], the thermodynamic processes in these
experiments were transient and the results obtained in Refs
[7, 8] cannot be generalised directly to the case of cw gas-
flow NPLs, although the main features of the thermody-
namics of gas-flow channels of NPLs are preserved.

The aim of this paper is to develop the method for
determining the energy deposition in the gas-flow channels
of NPLs from the results of interferometric measurements.
This method comprises two stages: the processing of
interference patterns and the computation of the energy
deposition. The main purpose of the first stage is to
enumerate the maxima in the interference pattern. In the
case of bulk energy deposition, the solution of this problem
requires a certain ‘qualitative’ information on the distribu-
tion of the energy deposition over the volume of the laser
channel. It is shown that four types of interference patterns
are possible, and an algorithm is presented for identifying
the type of interference patterns.

The second stage is directly related to the gasdynamic
and thermodynamic processes occurring in the NPL chan-
nels. The energy deposition was calculated using the model
of rectilinear current lines disregarding the wall effects and
heat conduction. This model is the simplest among the
models of the gas dynamics of gas-flow channels, and the
obtained solution can be used, if required, as a first appro-
Ximation in more precise models.

2. Basic equations

Consider the thermodynamics of a gas in the gas-flow
channels of an NPL. We assume that the gas flows under a
constant pressure. The heat conduction in the wall region
and in the wake of the radiator is neglected. In this case, the
equations of energy conservation and continuity have the
form [11, 12]

A d
Cpp<§+ UVT) =g a—f+ UVp =0, (1)

where p, U, T are the density, velocity and temperature of
the gas; ¢, is the specific heat of the gas at constant pres-
sure; and ¢ is the bulk energy deposition. In addition to
Eqns (1), the gas flow should be described by the Navier—
Stokes or Euler equations [12]. Fig. 1 shows a schematic of

the gas-flow channel (the second radiator is not shown).



Interferometric technique for determining the energy deposition in gas-flow nuclear-pumped lasers 501

N

>
y

Direction
of gas flow
_—

>

X

h

Radiator

Plates with uranium
coating

Figure 1. Schematic of the gas-flow channel.

The gas flux at the channel input has a velocity U, density
po, and temperature 7.

Assuming that the current lines are rectilinear and
parallel to the x axis in the case of a steady-state flow,
Eqns (1) can be simplified:

0AT q
—=——, pU=py U, = const, (2)
ox  c,peUp 0o

where AT = T — T, is the increment in the gas temperature.
One can see from Eqn (2) that in the case of a steady-state
process, the knowledge of the temperature distribution in
the channel is sufficient for finding the energy deposition
distribution.

For an ideal gas under a constant pressure, the change in
the refractive index is related to temperature by the familiar
expression [13]

(mg — 1)
An=———- AT, 3
T, FAT )
where 7 is the refractive index of the gas at temperature Ty,.
The additional phase incursion in the measuring channel is
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where k is the wave number and L is the channel length.

Fig. 2 shows the scheme of interferometric measure-
ments using a Mach—Zehnder interferometer [14]. A
parallel laser beam is split into two beams, one of the
beams passing through the measuring channel and the other
through the reference channel. The introduction of an opti-
cal wedge in the reference channel facilitates the measure-
ments. The intensities of both the beams are assumed to be
identical. In this case, the contrast of the interference pattern
is the sharpest. The interference maxima satisfy the equation

[13]
@(xin(2), 2) + 21Nx,y (2) = 2mm + @, ©)

where N is the number of interference fringes per unit
length; ¢, is the initial phase difference (0 < ¢, < 21); x,,,(2)
is the position of the mth maximum. In the absence of
heating, the interference maxima represent equidistant stra-
ight lines parallel to z axis. The position of these lines is
defined by the formula
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Figure 2. Schematic of the Mach—Zehnder interferometer.

2nN4,, =2nm + ¢y, ¢, = 2nNA4,, (6)

where 4,, is the unperturbed position of the mth maximum.

3. Interferometry of gas-flow lasers

Consider the interference pattern of the gas-flow channel of
an NPL. Note that the integrand in formula (4) cannot be
taken out of the integral sign because of the nonuniformity
of the energy deposition distribution along the optical axis
y of the channel [15]. Because AT is a continuous function
of the coordinate y, we can apply the mean-value theorem
to Eqn (4) [16]:

L A A*
J T LAT )

o To + AT Y T T, AT

where AT = AT(y");y"e|0, L].

This means that the interference pattern can be treated
as the result of an averaging of the function AT along the y
axis. Knowing the distribution of the energy deposition ¢
along the coordinate y, we can establish a one-to-one
correspondence between the functions AT and AT™.

Taking into account Eqns (4) and (7), we can present
Eqn (5) in the form

o kL(ng—1) AT”

Nxy(e) =50 =m = = e ®)

The number of solutions of this equation depends on the
parameters N and m. To study the graphic solution of this
equation, we fix the coordinate z and consider the left- and
right-hand sides of Eqn (8) for different m. We introduce
the notation

a(x) :Nx—%—m,

T
)

kL(ng—1) AT*(x,z)

2n Ty +AT*(x,z)’

glx,2) =

The function a defines a family of straight lines with the
slope N. Consider the behaviour of the function g. For z =
const, the function AT* is a monotonically increasing func-
tion, and AT " ~ x for small x [17]. Fig. 3 shows functions a
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(for N > 0) and g. One can see that the number of solutions
of equation a(x) = g(x) may be two, one or zero for each
value of the parameter m. For m < 0, N > 0 the number of
solutions may be two or zero. Only one solution exists for
m>0,N > 0. For N <0, a solution exists only for m < 0.

All solutions of Eqn (8) for z = const can be divided into
two classes. This is illustrated in Fig. 3 showing three
functions which satisfy the condition g; < g, < g;. One
can see that there are two types of solutions exhibiting
different behaviour upon a variation of the function g:

(1) Solutions that are displaced towards the origin of
coordinates with increasing g and away from the origin with
decreasing g. Such solutions will be called A-points.

(2) Solutions that are displaced away from the origin of
coordinates with increasing g and towards the origin with
decreasing g. Such solutions will be called B-points.
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Figure 3. Classification of solutions of Eqn (8) for N > 0.

It follows from the definition of these points that A-
points are grouped near the origin of coordinates, whereas
B-points are located farther from the origin. Note that the
interference maxima corresponding to the A-points are
solutions of Eqn (8) only for m < 0, the number of A-
points being limited for N > 0 and unlimited for N < 0. The
maxima corresponding to the B-points may be solutions
both for m <0 and for m > 0. In the former case, the
number of B-points is limited and is equal to the number of
A-points. In the latter case, the number of B-points is not
limited. For the sake of brevity, the maxima defined by the
A- and B-points will be called the A- and B-maxima,
respectively.

Thus, only four types of interference patterns (I-1V) can
exist for gas-flow channels of NPLs (see Table 1). Note that
for the zeroth line, an interference pattern of type IV can be
observed only for a very slight heating of the medium. For
type-1 interference pattern, each A-maximum should cor-
respond to the B-maximum having the same number m. In
experiments for N # 0, it is not always clear beforehand
whether the interference pattern will be of type I or II.
Moreover, the maxima corresponding to m > 0 (or even all
the B-points) may not be observed for a type-I pattern due
to a finite length of the channel and a limited size of the
interference pattern along the x axis.

To calculate AT™* from expression (8), we must assign a
corresponding number to each maximum. This problem is
solved by using qualitative information on the energy depo-
sition distribution in gas-flow channels of an NPL. Our

Table 1. Types of interference patterns for gas-flow channels of an NPL.

Number of Type I Type 11 Type 111 Type IV
maximum (N>0) (N>0) (N<O) (N=0)
m<0 A,B - A -
m>0 B B - -

study shows that in the NPL cells with plane uranium layers,
the energy deposition near the channel walls is higher than
at the centre [18 —20]. For this reason, the A-maxima near
the channel walls are bent towards the channel inlet, while
the B-maxima are bent away from the inlet. Fig. 4 shows the
interference patterns of types I -III. Calculations were made
by putting ¢, = 0.

q
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Figure 4. Interference patterns of type I (a), type II (b) and type III (c)

We shall now describe the procedure for assigning a
corresponding number to the interference maxima. First, we
should determine the type of the interference pattern. For
N < 0, interference of type III occurs and the entire volume
of the channel is filled with A-maxima. If A-maxima are
observed at the channel inlet for N > 0, it means that we are
dealing with interference of type I. For type-II interference,
the whole channel is filled with B-maxima.

Let us now enumerate the maxima. If one of the maxima
coincides with the straight line x =0, it is assigned the
number m = 0 (this case corresponds to ¢, = 0). For type-II
interference, the first maximum that does not coincide with
the straight line x = 0 is assigned the number m = 1, and the
rest of the maxima are enumerated in the ascending order:
m=2,3,4,...(Fig. 4b). For an interference pattern of type
III, the first maximum has the number m = 0, and the
following maxima are enumerated in the descending order:
m=—1,-2,-3,... (Fig. 4c). The A-maxima for a type-I
interference pattern are enumerated in the same way as for
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type-III interference, and the B-maxima are enumerated as
for type-II interference, the first B-maximum having the
same number as the last A-maximum (Fig. 4a). Such a pro-
cedure allows us to conclude that the interference patterns
presented in Refs [7, 8] are of type 1.

For type-I interference, a replacement of the A-maxima
by the B-maxima leads to a saddle-like pattern. Some of the
A- and B-maxima belong to the same branch, but the A-
maxima always dominate the left half of this branch, where-
as the B-maxima dominate the right half. The branches are
separated at the saddle point, and each type of the maxi-
mum determines its own branch (Fig. 4a).

4. Results of calculations

To illustrate the method described above, we analyse the
interferogram (Fig. 5a) obtained on the gas-flow prototype
in experiments [7, 8]. Helium under a pressure of 2 atm was
chosen as the working medium, and the gas flow rate was
8 m s~ !. The surface density (thickness) of the oxide layer
of U was 2.8 mg cm 2. The prototype was irradiated by
a pulsed flux of thermal neutrons with a pulse duration of
~ 3 ms at the half-maximum. The flux density of neutrons
averaged over the active length of the laser cell was 2.2
x10" neutrons cm 2 s~! at the pulse maximum. The opti-
cal inhomogeneities were measured using a Mach — Zehnder
interferometer at the wavelength 0.63 um of a He—Ne laser.
The interferogram in Fig. 5a corresponds to the instant of
termination of the neutron pulse, i.e., to the maximum
heating of the medium.

The analysis shows that the interferogram pattern
presented in Fig. 5 is of type I with ¢y~ 4.5 and N =
525cm . After enumerating the interference fringes
(Fig. 5a), the values of AT"(x,, z) were obtained from
expression (8), where z =0, £2,+4,..., +£10 mm (the values
of AT” for z = +10 mm were determined by continuing the
interference fringes to the channel walls). The error in
determining the temperature is given by the formula

8T AN

— ~——0x,
where 8x is the error in determining the coordinate. For the
above-mentioned conditions, we have 87/T ~ 9 x 10°N
xdx. Because the error in coordinate measurement is about
0.2 mm (i.e., 1/10 of a fringe), the error in determining the
temperature does not exceed 0.3—0.5°C.

The distribution of AT™* with an error not exceeding 7 %
for 0 < x <2 cm and 3 % for 2 < x < 6 cm can be approxi-
mated by the function

AT* z2 [
O RO

where d=h/2=1cm;c; =0.141; ¢, = 0.177; ¢; = 3.502;
¢y =0.712. Fig. 5b shows the results of approximation
using formula (11). Fig. 5c shows the constant-energy lines
for the energy density per unit volume Q* = ¢,pAT" sup-
plied to the gas. The maximum energy density per unit
volume at the channel axis (z = 0) is about of 0.063 J cm >,
in good agreement with the value 0.067 J cm™> given in
Ref. [7].

In the output plane, the energy density per unit volume
at the channel wall is 1.25 times the value at the channel axis

(10)
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Figure 5. Interferogram for the gas-flow channel under a helium pressure
of 2 atm and the gas flow rate 8 m s~ (a), and results of its analysis:
temperature distribution AT (in °C) (b), and the density per unit volume
Q" of the energy deposited in the gas (in J cem ™) (c).

(z = 0). One can see from Fig. 5b that the temperature at the
channel inlet increases rapidly (in the first half of the
channel in the direction of the gas flow), and then its
growth becomes insignificant. This means that the heating
process is nonsteady: the expansion of the gas leads to a flow
deceleration for 0 < x < 3 cm and an acceleration in the
region 3 < x <6 cm. This is due to the fact that the
characteristic time of a neutron pulse is 3 ms, whereas
the gas flow time t ~ b/ U is approximately 7.5 ms. Hence,
the flow in the case under consideration is essentially non-
steady, and the energy deposition ¢ cannot be determined
from expression (2).

Note that the errors associated with the bending of
trajectories of beams (refraction) in the measuring channel
were not taken into account in the above analysis. The shift
of an interference fringe can be determined approximately
from expressions

L2
vl
ny 2

n;L2
ny 2

, (12)

where n’, and n” are the derivatives of the refractive index n
with respect to coordinates x and z.

The maximal shift of the fringe Ax ~ 0.5 mm is achieved
at the channel inlet for 0 < x < 2 cm; for 2 < x < 6 cm, we
have Ax < 0.2 mm, which is within the error of measure-
ment of distances on the interferogram. The maximal shift
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Az =~ 0.2 mm is observed near the cell walls for I cm < x <
3 cm. Thus, a considerable distortion (about ~ 5% —10 %)
of the temperature distribution is observed only at the
channel inlet for 0 < x < 2 cm.

5. Conclusions

In this work, we have presented a technique for analysing
the results of interferometric measurements in the gas-flow
channels of NPLs. This technique is applicable both for
steady-state gas flows and for nonsteady heating of the
active medium. It is shown that the gas flowing through the
channel makes it possible to use the interferometric tech-
nique for determining the gas temperature and the energy
deposited in it. The results of analysis of an interferogram
obtained in experiments [7, 8] with He under a pressure of
2 atm and a gas flow rate of 8 m s~ ! are presented. The dis-
tribution of the temperature and the energy deposited in the
gas over the channel cross section are determined.
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