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In nuclear-reactor-pumped lasers, the fission-fragment heating is spatially nonuniform 

and as such induces gas motion. The competing effects of heating nonuniformity and thermal 

conduction on overall gas motion and laser optical behavior are examined, and a parameter 

is developed which categorizes the induced gas flow into three regimes. The effect of fission- 

fragment heating on perturbations in the gas density field is also examined, and a scaling 

relation describing the reduction of the rms density perturbation is developed in terms of 

the pressure rise produced by the heating.
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1. Introduction

Fragments from fission reactions induced by a pulse of neutrons from a nuclear reactor 

have been used to pump a variety of gas lasers.1-10 These “nuclear-reactor-pumped” lasers 

offer several advantages over more conventional pumping schemes. First, the fission-fragment 

energy is used to excite atomic or molecular lasing states directly, rather than first being 

converted to heat, electricity, and possibly light with the attendant efficiency losses.11 Second, 

the large power density associated with nuclear power implies a compact power source.11

Figure 1 shows a schematic diagram of one possible arrangement. The reactor serves 

as the source of fast neutrons, which are moderated by polyethylene. The resulting slow 

neutrons are incident on thin layers of fissionable material (coating the inner surfaces of the 

laser gas cell), which emit fission fragments into the adjacent gas. These fission fragments 

pump the lasing states and heat the gas. One difficulty in this approach is evident from 

Figure 1. The fission fragments enter the gas from the side walls in this arrangement and 

heat the gas in these regions more strongly than they heat the gas near the optical axis. This 

heating nonuniformity induces an inward flow and establishes density gradients perpendicular 

to the optical axis. Since gradients of the gas density are proportional to gradients of 

the refractive index, the laser gas acts as a temporally varying gradient-index lens. This 

gasdynamic lensing can be of strength sufficient to induce transitions in laser resonator 

stability (see Figure 2).13-14

In this paper, the effects of fission-fragment heating on the gas density field are ex­

amined. First, the overall gas motion resulting from the spatial nonuniformity of fission- 

fragment heating is studied, and the resulting flows are characterized in terms of the ratio 

of the duration of the heating to the thermal-conduction timescale. Second, the effect of 

fission-fragment heating on small perturbations in the gas density field is analyzed. The 

density-dependence of fission-fragment heating is shown to result in a damping of density 

perturbations. This damping is seen to be relatively broadband, and a scaling relation is 

developed for the reduction of the rms density perturbation level.
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Figure 1. Schematic diagram of a nuclear-reactor-pumped laser experiment.
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Figure 2. Lasing intensity (solid curve) and pumping pulse (dotted curve). Resonator 
stability transitions induced by gasdynamic lensing result in the lasing termination and 
reinitiation seen at 12 ms and 13 ms, respectively (peak pumping is at 15 ms).

3



2. The Model Problem

A diagram of a typical laser cell is shown in Figure 3. The geometry here is rectangular, 

rather than cylindrical as in Figure 1. Since the fissionable material is located on the two 

side walls normal to the x-axis, the heating nonuniformity induces flow in the x-direction. 

Although there are heating nonuniformities in the y- and x-directions that also induce gas 

motion, these nonuniformities are usually minor compared to the nonuniformity in the x- 

direction and are neglected in this study.

1 cm

LASER
AXIS U02 FOILS (1 /Am)

Figure 3. Diagram of a rectangular nuclear-reactor-pumped laser cell.

The gas in the laser cell is taken to be a mixture of perfect gases with nonzero shear 

and bulk viscosities and thermal conductivity. Its motion is governed by the conservation 

equations for mass, momentum, and energy, in which variations are permitted only in time 

and in the x-direction (see the appendix). At the side walls, the gas velocity is assumed to 

vanish, and the gas temperature is taken to be the wall temperature (presumed to be the 

initial gas temperature). Fission-fragment heating appears in the energy equation as a large,
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transient, volumetric energy source term. This source term has the form Q = Q0 f[x] p] h(t), 

where Qq is the amplitude of the pumping, h(t) is the time variation of the neutron flux 

and hence the heating, and f[x\p] is the spatial variation of the heating. Figure 4 indicates 

the general forms of the functions / and h. The precise shape of the function / depends on 

the density field p since the gas molecules are essentially absorbers.18-18 If the density field 

is made to vary in the laser cell, this variation in the distribution of absorbers produces a 

corresponding change in the function /: where the number of absorbers is increased, / is 

increased, and where the number of absorbers is decreased, / is decreased. Thus, gas motion 

and fission-fragment heating are coupled.18

Figure 4. The spatial variation of fission-fragment heating is shown on the left. It is largest 
near the side walls and smallest near the center. The temporal variation of fission-fragment 
heating is shown on the right.

The combination of fission-fragment heating and thermal-conduction loss induces a flow 

that moves gas toward the “coldest” spots and away from the “hottest” spots.19 Here, the 

term “coldest” indicates the regions where the sum of the fission-fragment heating and 

thermal-conduction loss is smallest (most negative), and similarly the term “hottest” indi­
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cates the regions where the sum of fission-fragment heating and thermaJ-conduction loss is 

largest (most positive). This points out an interesting aspect of the induced flow. Fission- 

fragment heating is largest near the side walls and smallest at the center (see Figure 4); 

therefore, fission-fragment heating acts to induce flow inward toward the center. Thermal- 

conduction effects are most negative near the cold side walls and vanish near the center; 

therefore, thermal-conduction effects act to induce flow outward away from the center. Thus, 

the effects of heating nonuniformity and thermal conduction tire oppositely directed, so the 

type of flow that results is determined by whichever effect is stronger.19

3. Gas-Flow Regimes

There are four timescales involved in describing the induced gas motion: the time

required for an acoustic wave to travel from the center to the side walls; tc, the time required 

for heat to be conducted from the center to the side walls; the duration of the heating 

(see Figure 4); and tq, the time required for the fission-fragment heating to raise the pressure 

by an amount comparable to the initial gas pressure. For conditions of interest, the acoustic 

timescale is much smaller than the other three timescales. Because of this, the equations 

of motion can be acoustically filtered,18-22 and the timescale does not enter the resulting 

equations (the acoustically filtered equations are contained in the appendix).

Of the remaining three timescales, two dimensionless ratios may be formed. The ratio 

Id/Iq sets the scale, relative to the initial gas pressure, for the pressure rise induced by 

fission-fragment heating. The ratio tu/tc determines the flow type and is given by the 

relation
tp _ 16(7 ~ l)fcoTo*£>
tc ~ PoL2 ’ { j

where 7 is the specific heat ratio of the gas, ko the initial thermal conductivity of the gas, 

To the initial gas temperature, po the initial gas pressure, and L the distance between the 

side walls. As such, tp/tc can be interpreted as a normalized thermal conductivity, so the 

magnitude of tp/tc determines the importance of thermal conduction over the duration of
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the pulse. Three distinct regimes of flow behavior are possible depending on the magnitude of 

tu/tc- In the negligible-conduction regime (ti)/tc "C 1), the flow is dominated by the spatial 

variation of the fission-fragment heating. In the dominant-conduction regime (tu/tc » 1), 

the flow is dominated by thermal-conduction effects. In the mixed regime (tri/tc ~ 1), 

fission-fragment heating and thermal-conduction effects are of comparable importance.

3.1 Negligible-Conduction Regime

The negligible-conduction regime corresponds to conditions for which tp/tc 1. An 

analytical solution exists in the limit that this ratio becomes vanishingly small.18-19 From 

this solution, it is seen that gas moves inward from the side walls toward the center of the 

laser cell. This is as expected since the center is the “coldest” region in the absence of 

thermal-conduction effects. This inward gas flow creates a central maximum in the density 

field, so the laser cell is optically focusing. The uniformity of the fission-fragment heating 

is improved by this flow since gas molecules (absorbers) are transported out of regions of 

large heating near the side walls into regions of small heating near the center. Another fact 

that emerges from the analytical solution is that the added energy, not the applied heating 

power, determines the shape of the density profile. Consider two experiments identical in 

all particulars except that in one case the heating is applied at half the power but for twice 

the duration of the other case. Since the same amount of energy is added in both cases, the 

same density profile is produced in both cases.

As an example, consider helium, initially at 300 K and 200 kPa, confined between side 

walls separated by a 1-cm gap and coated with l-/im UOj layers. A constant power density 

of 3550 W/cm3 is used to heat the gas for 0.1 ms. These conditions correspond to a value 

of 0.0095 for tp/tc- Figure 5 shows results from a simulation of the acoustically filtered 

equations (not the limiting analytical solution). The central density maximum is clearly 

seen and continues to grow with increasing energy addition. Note the appearance of thin 

thermal boundary layers adjacent to the side walls. These result from the nonzero value
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of ti)/tc\ nevertheless, the flow in the central region is relatively unaffected by thermal- 

conduction effects.

x (cm)

Figure 5. Density profile for a case in the negligible-conduction regime: solid curve, midway 
through the pulse; dashed curve, end of the pulse.

3.2 Dominant-Conduction Regime

The dominant-conduction regime corresponds to conditions for which tn/tc ^ 1. An 

analytical solution exists in the limit that this ratio becomes infinitely large.19 From this 

solution, it is seen that gas moves outward from the center of the laser cell toward the 

side walls. This is as expected since the side walls are the “coldest” regions when thermal- 

conduction effects are very large. This outward gas flow creates a central minimum in the 

density field, so the laser cell is optically defocusing. The uniformity of the fission-fragment 

heating is degraded by this flow since gas molecules (absorbers) are transported out of regions 

of small heating near the center into regions of large heating near the side walls. Another 

fact that emerges from the analytical solution is that the applied heating power, not the
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added energy, determines the shape of the density profile. If the applied heating power is 

held constant, the density profile does not change even though energy is continually added.

As an example, consider helium, initially at 300 K and 200 kPa, confined between side 

walls separated by a 1-cm gap and coated with 1-^m UOj layers. A constant power density 

of 2.22 W/cm3 is used to heat the gas for 160 ms (these values differ by a factor of 1600 from 

the values used in the previous example but maintain the same energy addition). These 

conditions correspond to a value of 15 for tp/tc- Figure 6 shows results from a simulation of 

the acoustically filtered equations (not the limiting analytical solution). The central density 

minimum is clearly seen and does not change much with increasing energy addition. The 

slight changes in the density field with increasing energy addition is indicative of the finite 

value of tp/tc-

Figure 6. Density profile for a case in the dominant-conduction regime: solid curve, midway 
through the pulse; dashed curve, end of the pulse.

3.3 Mixed Regime

The mixed regime corresponds to conditions for which tp/tc ~ 1. Unfortunately no
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analytical solution is known for this regime, so insight must be gleaned from numerical 

solutions for many different sets of conditions. The following observations can be made.19 

At early times in the pulse and for gas near the center, the motion resembles the negligible- 

conduction regime. However, at later times and for gas near the side walls, the motion 

resembles the dominant-conduction regime. Thus, the gas near the center moves toward 

the center, and the gas near the side walls moves toward the side walls. This complex gas 

motion creates a central density maximum and density minima propagating inward from the 

side walls toward the center, so both focusing and defocusing regions are present. Both the 

added energy and the applied heating power affect the gas motion in the mixed regime, and 

the uniformity of the fission-fragment heating is improved near the center but degraded near 

the walls.

As an example, consider helium, initially at 300 K and 200 kPa, confined between side 

walls separated by a 1-cm gap and coated with l-/im UOj layers. A constant power density 

of 89 W/cm3 is used to heat the gas for 4.0 ms (these values are the geometric means of the 

values used in the two previous examples and as such maintain the same energy addition). 

These conditions correspond to a value of 0.38 for tc/tc- Figure 7 shows results from a 

simulation of the acoustically filtered equations. The central density maximum and the 

density minima near the side walls are clearly seen. These minima travel noticeably inward 

during the pulse. Note that the curvature of the central density maximum remains relatively 

constant as the overall density falls in the central region. This phenomenon is often observed 

although it is not currently explained.

4. Density Perturbations

In the previous section, the effect of the combination of fission-fragment heating and 

thermal-conduction loss on the overall gas motion was considered. In this section, the effect 

of fission-fragment heating on small density perturbations is examined. Since density per­

turbations are hard to avoid and their presence generally exerts a detrimental effect on laser
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Figure 7. Density profile for a case in the mixed-conduction regime: solid curve, midway 
through the pulse; dashed curve, end of the pulse.

optical behavior, it is of interest to examine the interaction of fission-fragment heating with 

density perturbations, particularly regarding growth, damping, or lengthscale change.

The basic effect of fission-fragment heating on density perturbations is illustrated in 

Figure 8. This figure shows an expanded view of a small portion of the density profile which 

contains two density perturbations. The positive perturbation contains more gas molecules 

(absorbers) and is heated more strongly than surrounding regions of gas. This excess heating 

creates a slightly larger pressure in the perturbation than in neighboring regions, and this 

pressure difference acts to transport gas away from the perturbation, reducing its height. 

Similarly, the negative perturbation contains less gas molecules (absorbers) and is heated 

less strongly than surrounding regions of gas. This shortfall of heating creates a slightly 

lower pressure in the perturbation than in neighboring regions, and this pressure difference 

acts to transport gas toward the perturbation, reducing its depth. Thus, fission-fragment 

heating smooths out density perturbations.
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Figure 8. Expanded view of a small portion of the density profile (solid curve) with two 
density perturbations. These perturbations are smoothed (dashed curve) by fission-fragment 
heating. Arrows indicate the induced flow.

As an example, consider argon, initially at 300 K and 68.9 kPa, confined between side 

walls separated by a 1-cm gap and coated with l-/xm UOj layers. Figure 9 shows the evolution 

with increasing energy addition of two different initial density fields, one with perturbations 

and one without. To illustrate the role of fission-fragment heating in damping density per­

turbations, thermal-conduction effects have been suppressed, and artificially large density 

perturbations have been used for initial conditions (it is shown below that the perturbation 

amplitude does not matter). The inward flow of gas toward the center is evident for both 

the perturbed and unperturbed density fields. Moreover, the amplitude of the density per­

turbations is reduced with increasing energy addition. This fact is highlighted by Figure 10, 

which displays the difference between the perturbed and the unperturbed density fields for 

successive amounts of energy addition.

Careful scrutiny of Figure 10 reveals another aspect of the damping process. Both broad 

and narrow features exhibit the same amount of damping (for example, compare the broad 

feature near 0.42 cm to the narrow features near 0.38 cm). Figure 11 shows the evolution 

of two density profiles having perturbations with the same amplitudes but with wavelengths 

differing by a factor of 10. Note that both perturbations are contained within the same
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Figure 9. Density profiles at successive amounts of energy addition: solid curves, perturbed 
density field; dashed curves, unperturbed density field. Profiles are symmetric and thus are 
shown from center to wall, rather than from wall to wall.
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Figure 10. The density perturbation profiles (the difference between the perturbed and the 
unperturbed profiles) are shown as a function of energy addition.

envelope at successive values of energy addition. The damping is thus seen to be broadband 

and relatively insensitive to wavelength.

The broadband nature of the damping process suggests that it can be characterized in 

terms of the rms density perturbation,

^ Print — (2)

where p is the perturbed density field and pu is the unperturbed density field. The reduction 

in perturbation amplitude is given by Aprmi/A/>nniio, where Ap™,^ is the initial rms density 

perturbation. Simulations of different cases can be used to determine the manner in which 

this reduction varies with increasing energy addition. Table 1 shows the conditions of four 

such cases, and Figure 12 shows the reduction in terms of the quantity (p/po)1^7- In this 

representation, the results all collapse onto one line with a slope of —1, so the following
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scaling relation is determined:
Apr

Apr .,0 \PoJ

= \ -'h
(3)

If the perturbation amplitude is small compared with the initial gas density, the analytical 

solution for the negligible-conduction regime can be used to derive this result.23 Note that 

this damping is algebraic in the pressure rise and thus requires large pressure rises to produce 

significant damping.

Table 1. Conditions for cases shown in Figure 12.

Symbol PHc (hPa) Pat (hPa) X(K) Gap L (cm) UOa Thickness (pm)
A 0.0 68.9 300 1.0 1.0
V 0.0 68.9 300 1.5 1.0
□ 68.9 68.9 300 1.0 1.0
O 68.9 68.9 300 1.5 1.0
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Figure 12. The quantity ^(Aprm,/p^fi) is plotted against ln(p/p0)1/'r for a variety of 
different cases (see Table 1). The data exhibit a scaling relation.

5. Conclusions

The gas motion in nuclear-reactor-pumped lasers induced by fission-fragment heating has 

been examined. The spatial nonuniformity of fission-fragment heating induces a flow of gas 

toward the center of the laser cell, whereas thermal-conduction effects induce flow toward 

the side walls. Since these effects are oppositely directed, the type of flow that results is 

determined by whichever effect is stronger. The ratio of the heating duration to the thermal- 

conduction timescale, tu/tc, characterizes the importance of thermal-conduction effects, and 

the flow can be categorized into three regimes depending on the value of this ratio. If tp/tc is 

much less than unity, then the flow is in the negligible-conduction regime, in which a central 

density maximum is produced and the added energy determines the height of the maximum. 

If tp/tc is much greater than unity, then the flow is in the dominant-conduction regime, 

in which a central density minumum is produced and the applied heating power determines 

the depth of the minimum. If tp/tc is comparable to unity, then the flow is in the mixed
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regime, in which both a central density maximum and density minima traveling inward from 

the side walls are produced and both the energy and the power influence the motion.

The density-dependence of fission-fragment heating is seen to result in damping of density 

perturbations. A scaling relation has been developed describing the reduction of the rms 

density perturbation in terms of the pressure rise produced by fission-fragment heating. 

This damping is broadband in the sense of being insensitive to the wavelength of the density 

perturbation. However, the algebraic nature of the scaling relation indicates that large 

pressure rises are required to produce significant damping.
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Appendix

The equations describing the one-dimensional motion of a perfect gas can be acoustically 

filtered if the acoustic timescale is much smaller than other relevant timescales so that the 

Mach number of the induced flow is small.18-22 Let the gas have a density field p, a pressure 

field p, a temperature field T, an energy field (per unit mass) e, a velocity field u, a specific 

heat ratio 7, temperature-dependent24 shear and bulk viscosities p and pv, and temperature- 

dependent24 thermal conductivity k. Confine the gas between two side walls separated by a 

distance L, and heat the gas with the power density field Q. The gas motion is described by 

the perfect-gas equation of state and the conservation equations for mass, momentum, and 

energy:

p = RpT = (7 - l)pe ,

9p d
8l + ai'"‘ = 0-

d d - dp d (W)ff
du
dx

(Al)

(A2)

(A3)

(A4)Tt* (e + s”’) + (e + + s’*1) = « + ^ (*§j) + ^ [“ (s'1 +

Acoustic filtering is accomplished in the following manner. The gas pressure p is parti­

tioned into two terms: p, the average pressure in the s-direction; and p = p —p, the deviation 

from the average. Since the acoustic timescale is very small, it is not possible to build up
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large pressure gradients, so p is always very small compared to p. Inserting the expansion 

P = p + p into the equations of motion, neglecting small terms, and performing averaging 

yields the following set of equations:18-22

dp d

d a dp d
—pu + — pu + — = —dt dx dx dx

+ Pv) du
dx

!=(-» Q +
d_

dx
(*s)

du
7P = (7 - 1)dx

A d f,dT\
Q + dx\kdx)

V)=L-'j\.)dx, r)=(.)-F).
Jo

(A5)

(A6)

(A7)

(AS)

(A9)

Equations (A5) and (A6) are the conservation equations for mass and momentum, re­

spectively. The pressure term in the momentum equation incorporates p since p is a function 

of time alone by virtue of averaging. Note that p appears only in Equation (A6), so this 

equation needs to be solved only for times at which knowledge of p is desired. Equation (A7) 

shows that the mean pressure rise is determined by the total average heat addition (fission- 

fragment heating and thermal-conduction loss) and as such is the ideal gas law in an unusual 

form. Equation (A8) determines the gas velocity in terms of the excess heating. If the sum of 

the excess fission-fragment heating and the excess thermal-conduction loss is positive, then 

du/dx is positive and the flow is locally expansive: gas is transported away from points with 

heating that is larger than average. If the sum of the excess fission-fragment heating and 

the excess thermal-conduction loss is negative, then du/dx is negative and the flow is locally 

compressive: gas is transported toward points with heating that is smaller than average.
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