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1.  Introduction 

 Among the greatest potential threats to life on earth are collisions with large near-

earth objects.  Many such objects can be found relatively nearby in the galactic 

neighborhood:  the Oort Cloud and the Kuiper Belt/Transneptunian Asteroid Belt[1] are 

two significant examples.  Jointly, these two systems may contain over a billion objects 

ranging in size from a few meters to several thousand kilometers in diameter. 

When such objects impact the earth, the energy of the impact scales like the size 

(mass) of the impacting object and the square of the speed at which it is traveling relative 

to the earth.  Such impacts can be modeled in the same manner as the collisions of a 

baseball with a pile of dirt.  A smaller impactor will merely burn up in the atmosphere, 

but as the object’s diameter approaches 100 m and its speed 10 km per second, the 

equivalent explosive yield of the object’s impact exceeds that of large nuclear warhead.  

The equivalent yield of the object’s impact is calculated using the object’s kinetic energy: 

2
/10

3
100/50 skmmccgMT vrY ρ=       (1.1) 

where YMT is the equivalent yield in megatons (where 1 MT = 4.184E17 J), ρg/cc is the 

object’s density in grams per cc (cubic centimeter), r100m is the object’s radius, and v10km/s 

is the object’s impact speed.  The subscripts on each of these variables give the 

normalization of the variables.  For example, for an object of radius r = 100 m, r100m is 1, 

and for an object of radius r = 200 m, r100m is 2.  This normalized notation will be used 

extensively in this paper. 

An object which occupies an orbit passing near the earth is commonly referred to 

as a Near Earth Object (“NEO”).  These so-called NEOs include asteroids, meteors, and 

comets of large size.  The estimated NEO population contains as many as 24500 +/- 3000 
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objects with diameters in excess of 100 m; of these, approximately 960 (+/- 120) objects 

have diameters exceeding one kilometer.  The near-earth object program has classified 

723 of these NEOs as “Potentially Hazardous Objects.”  PHO’s include objects with 

diameters in excess of 150 m and with Minimum Orbital Intersection Distances (MOIDS) 

of less than 0.05 AU.  Table 1.1 (below) gives the frequency and effects of several size 

ranges of NEOs. 

Diameter 

(m) 

Yield 

(MT) 

Interval 

(y) 

Consequences 

<50 <10 <1 Meteors in upper atmosphere most don't reach surface 

75 10-102 1000 Irons make craters like Meteor Crater; stones produce 

airbursts like Tunguska; land impacts destroy area size 

of city 

160 102-103 5000 Irons,stones hit ground; comets produce airbursts; land 

impacts destroy area size of large urban area (New 

York, Tokyo) 

350 103-104 15000 Land impacts destroy area size of small state; ocean 

impact  produces mild tsunamis 

700 104-105 63000 Land impacts destroy area size of moderate state 

(Virginia); ocean impact makes big tsunamis 

1700 105-106 250000 Land impact raises dust with global implication; 

destroys area size of large state (California, France) 

Table 1.1:  Frequency and consequences of NEO impacts with the earth[5]. 
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 The potential dangers presented by NEO collisions have prompted several 

organizations to seek a solution to the NEO problem.  Two such types of solution have 

been suggested.  The first involves destroying the object entirely; however, this is only 

practical for smaller objects (diameter 100 m or less), as larger objects will fragment into 

pieces that are still big enough to cause damage (this is known as the “Shotgun Effect”[6]).  

Therefore, if the object is sufficiently large (in excess of about 500 m in diameter), the 

second option is more likely to succeed.   This option may be referred to as “deflection” 

and consists of pushing (deflecting) the NEO onto a trajectory that will avoid a collision 

with the earth. 

 Several methods for doing this have been suggested.  Such solutions generally fall 

into one of two categories:  continuous momentum transfer and impulsive momentum 

transfer.  These include everything from using a rail-launched projectile to using lasers to 

ablate (vaporize) the object’s surface (examples of impulsive momentum transfer), and 

from strapping a thruster to the object to painting the object white and allowing the sun to 

push the object (examples of continuous momentum transfer).  Unfortunately, all of these 

methods require tens, hundreds, or even thousands of years to sufficiently divert the 

object[6]. 

 Therefore, a more efficient method is required.  This method is to detonate an 

intense neutron and photon source at some distance away from the NEO, causing a layer 

of the object to ablate away from the object’s near surface.  The results of this ablation 

will be an imparted impulse, which in turn will cause the object’s trajectory to be altered.  

A medium to high-yield thermonuclear warhead should provide a sufficiently intense and 
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sufficiently powerful photon and neuron source to accomplish this for objects with 

diameters of order 1 km. 

 However, not all of the nuclear device’s energy yield is actually transferred into a 

change in the target object’s kinetic energy (and thus its deflection velocity).  A large 

percentage of the yield never even intercepts the object.  Some of the source photons and 

neutrons are reflected or scattered from the object’s surface.  Furthermore, some of the 

energy absorbed by the target object is only used to heat the object.  Since the impact of a 

large hot object will cause nearly as much damage as the impact of a large cold object, 

this energy that has been used to heat the object is essentially just wasted energy. 

 Therefore, an important aspect of the asteroid interdiction problem is determining 

how much of the device’s yield is actually used to impart an impulse to the target object.  

As determining the fraction of the device yield that will be intercepted by the target 

object is a matter of simple geometry, the important parameters are the so-called energy 

coupling parameters (or the efficiency, as the engineers would say).  The yield coupling 

parameter (ηY) gives the fraction of the device’s intercepted yield that is actually 

deposited on the object, whereas the kinetic energy coupling parameter (ηK) gives the 

fraction of the deposited yield that manifests itself as a change in the target’s kinetic 

energy. 

 

2.  Methods 

2.1. Procedure 

 In asteroid deflection, an intense neutron and/or photon device (such as a nuclear 

weapon) is detonated some standoff distance d from the surface of the asteroid.  One 
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result of this is that much of the device’s yield Y is lost into space, while a fraction of this 

yield Yint is intercepted by the target NEO.  Figure 2.1 (below) contains a diagram with 

most of the relevant parameters to the asteroid deflection problem. 

 

Figure 2.1:  Diagram of the relevant parameters. 

 This intercepted yield can be calculated using simple geometry.  Assuming a 

spherical target or radius r, the intercepted yield is given by 

 

π
θ

4
)(

int
sYY Ω×=         (2.1) 

θs is the angle between a line from the source to the target’s center and the line tangential 

to the target which also passes through the location of the source.  Thus, θs is given by 

⎟
⎠
⎞

⎜
⎝
⎛

+
= −

rd
r

s
1tanθ          (2.2) 
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The parameters d and r give the device standoff distance and the radius of the target, 

respectively. 

 Of this intercepted yield, a fraction of the energy is deposited in the target, while 

some is lost due to reflection and radiation.  Thus, the deposited yield Ydep is only a 

fraction ηY of Yint. 

This fraction is the yield coupling parameter, and is a function of source type, 

source energy, and target material.  Two types of source were used:  photons and 

neutrons.  However, a spectrum of source energies was used; collectively, these spectra 

and their types determined the source designation.  There were six total designations:  1 

eV blackbody photons, 10 keV blackbody photons, simple fission neutrons, fission 

weapon neutrons, fusion weapon neutrons, and 14.1 MeV mono-energetic neutrons.  The 

energy spectra of the weapon neutrons are obtained from previous work performed by 

Straker and Gritzner are shown in figure 2.2 (below).  There were also five target 

materials used:  Fe, FeNi, Granite, H2O, and SiO2; it should be noted here that SiO2 was 

used more extensively for later simulations. 
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Figure 2.2:  Histogram of the weapon neutron sources[8].  The vertical axis gives the 
percent of total neutrons emitted having energies in the range shown by the horizontal 
axis; the label “Neutrons per neutron” means that if the source emits a single neutron, the 
given fraction of a neutron would fall within each energy range.  Thus, the 
Thermonuclear Weapon Source contains a higher concentration of high-energy (>10 
MeV) neutrons than does the Fission Weapon Source, while the Fission Weapon Source 
contains higher concentrations of lower energy (<10 MeV) neutrons than does the 
Thermonuclear Source. 
 
 The deposition energy (and hence the deposition coupling) for each of these 

sources in each of these materials was simulated using TART.  TART is a Monte Carlo 

code developed at Lawrence Livermore National Laboratory, and is useful for calculating 

particle transport and collisional effects.  These effects include energy transfer at various 

depths and angles in a three dimensional target and thus are useful for calculating energy 

deposition within the target.  The locations, specifically the depth, at which energy is 

deposited is also important for calculating the effects of the energy deposition, as will be 

explained later.  The normalized energy deposition for a 14.1 MeV monoenergetic 

neutron source as functions of solid angle and deposition depth is shown in Figure 2.3 

(below). 
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Figure 2.3:  Normalized energy depositions of a 14.1MeV monoenergetic neutron source 
in SiO2 as functions of deposition depths at constant angles (left) and as functions of 
angle at constant deposition depths (right).  The deposition drops off by two orders of 
magnitude from the surface to a depth of 1 m and by four orders of magnitude by a depth 
of 2 m.  The energy deposition curves for the other sources will be included in Appendix 
B. 
 
 The simulation’s geometry is defined by creating several regions.  The first is the 

target region, which was given a total radius of 500 m and which was generated by 

forming concentric spheres and then dividing these spheres using cones of expanding 

angles.  This forms a set of bounded zones, which are then assigned material properties.  

These properties included density and composition (the target material mentioned above). 

In general, the standard model of the object will be a spherical SiO2 asteroid with a size 

specified by the object’s diameter.  Unless otherwise noted, this will be the model 

referred to throughout this thesis; the diameter of other objects compared to this model 

scale like the cube root of the ratio of the densities.  The density of SiO2 is approximately 

3 g/cc. 

The second region consists of the region containing the source device.  This 

region is assigned a material of composition He at a density of 10-7 g/cc, which is meant 

to simulate vacuum; TART will not allow for the propagation of material through perfect 
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void and treats such regions as being outside the simulation.  This region was assigned a 

spherical geometry of radius equal to several times that of the target.  The final region 

consisted of all space not enclosed by the device region and was composed of void; this 

was done to increase the simulation speed, as materials entering the void region are 

considered to be lost by TART. 

 The energy deposition simulated in TART is then used to help calculate the actual 

effects of the energy deposition on the target.  These effects include internal temperatures, 

pressures, densities, and of course, the kinetic energy from which the kinetic energy 

coupling parameter and deflection velocity are calculated.  These effects are calculated 

using the Lawrence Livermore National Laboratory’s CALE[3].  CALE is a C-based 

Arbitrary-Lagrangian-Eulerian (ALE) radiation hydrodynamics code which uses finite-

differencing to solve the Euler equations.  The Lawrence Livermore National 

Laboratory’s QEOS model[9] was used for the equations of state. 

CALE uses a mesh to study the transport of fluids, shocks, and energy within the 

target.  This in turn can be used to study temperature, pressure, and momentum within the 

target and the blowoff region.  As mentioned above, CALE can operate in Eulerian mode, 

Lagrangian mode, or a mix of the two.  In essence, Lagrangian mode causes CALE to 

affix the mesh to the material being studied; the mesh then moves through space along 

with the material.  Eulerian mode fixes the mesh in space and allows the material to 

propagate through the mesh.  During these simulations, CALE was largely run in 

Lagrangian mode. 

 CALE is a two-dimensional code, and it typically used fewer zones at a larger 

size than TART.  Therefore, before the TART results can be interpreted by CALE, they 
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must be interpolated from the three dimensional TART mesh onto the two-dimensional 

CALE mesh.  This is done with the use of an IDL program written for this purpose.  The 

IDL routine accepts the output file from TART and interpolates it into the input deck for 

CALE.  In addition, the IDL program accepts as data other important parameters, such as 

device yield in megatons and the time dependence of the energy deposition.  It then uses 

this data to generate the input deck for CALE. 

The CALE mesh is also programmed in IDL and contains three regions.  The first 

is the deposition region, which is typically programmed as being 2-4 m deep for neutrons, 

10 cm deep for 10 keV photons, and 0.6 mm for 1 keV photons; the deposition region is 

at the surface of the target and contains 20-40 layers of uniform size.  One thing to note 

about this zoning scheme is that the CALE deposition region has lower resolution than in 

the TART simulation.  Since TART zones are smaller, and so there are several TART 

zones extrapolated (and averaged) into each CALE zone.  Therefore, the CALE 

simulations are less well-resolved than the TART simulations. 

The second region is the transition region, which contains 30-40 layers and exists 

between the deposition region and the target’s core, which is the innermost region.  The 

layers in the transition layer are of increasing radial size from the outmost being slightly 

larger than a zone in the deposition layer to the innermost being a layer of size slightly 

smaller than that of the core’s layers.  The core consists of 8-15 large layers of uniform 

width and is the domain of the inner half of the target.  The reason for the size differences 

between inner and outer zones is mostly for computational speed:  the vast majority of 

the source energy is deposited in the deposition region:  the energy deposition falls off by 
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four orders of magnitude within the deposition region alone (refer to Appendix B).  The 

radial layers are then further divided into 1° angular components. 

CALE then uses the TART energy deposition data to calculate the resulting 

hydrodynamic evolution of the target, culminating in the change in the target’s kinetic 

energy.  From the kinetic energy, the deflection velocity can be determined: 

m
Kv def

2
=          (2.3) 

 

2.2 The Analytic Model for Deflection 

 The data from these simulations are then compared against an analytic model.  

One such model was developed by the author and A.R. Miles at the Lawrence Livermore 

National Laboratory. The model begins with the conservation laws for energy and 

momentum.  The energy deposited on the target by the source will manifest itself in the 

target in a number of ways:  by heating, melting, vaporizing, dissociating, and ionizing 

target material, and by changing the target’s kinetic energy.  Thus, the conservation of 

energy gives: 

( ) ( ) 22 vdmdVMdEdep +=β         (2.4) 

The β term in the energy conservation equation is due to heating, phase changes, etc.  The 

terms M and V describe the deflected target, while m and v describe the blowoff layer, 

that is, the region of the target which undergoes ablation. 

 Next, conservation of momentum is used.  Setting the frame of reference such that 

the target is initially viewed as stationary, conservation of momentum gives that the 

blowoff will travel rapidly in one direction while the target will deflect in the opposite 

direction: 
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( ) ( )vdmdVM =          (2.5) 

Due to symmetry about the z-axis, i.e. the axis containing the source and the center of the 

target, only the z-component of the momentum need be considered.  Hence, 

( )( )θcospddpz =          (2.6) 

Thus, the momentum may be expressed as 

∫∫= φθθθθεβρπ dddrrrp depz cossin),(2 2      (2.7) 

The deposited energy may be obtained from the charts in appendix B.  For neutrons, a 

reasonable approximation is given by a function that has the form 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

−
−

t

rr

dep
effer

θ
θπεθε λ

2
cos),(

0

0        (2.8) 

The parameter λeff is the effective mean-free path of the source photons or neutrons in the 

target material.  Figure 2.4 (below) shows the mean free paths of photons and neutrons in 

SiO2, a major constituent of many potential targets.  Appendix C contains the mean free 

paths of neutrons and photons in other materials. 

 

 
Figure 2.4:  Mean free paths of neutrons (left) and photons (right) in silicon dioxide as 
functions of energy.  These data may be used to determine λeff for the deflection model. 
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Eq. 2.7 can be integrated to obtain the form of the momentum: 

)( tdepeffz fErp θβρλ ×=         (2.9) 

This form can also be expressed in terms of the source yield: 

)( tYeffz gYrp θβηρλ ×=         (2.10) 

The functions for f(θt) and g(θt) are plotted in figure 2.5 (below).  The term θt was 

defined in Fig. 2.1, and can also be expressed in terms of the target radius and the 

standoff distance: 

rd
r

t +
=θtan           (2.11) 

As the source device is brought closer in to the target, more of its yield is 

intercepted, and thus more energy is deposited.  However, because of geometric effects, 

this energy is deposited in less mass, and thus the dm term of eqs. 5 will be decreased.  

Hence, an optimal standoff distance occurs for which a balance between Yint and dm can 

be obtained; this occurs for d/r =1/3, as shown in the plot of g(θt).  Also, this breaks 

down for a source placed very close (d/r<<1) to the target’s surface; however, when the 

source is placed this closed to the target, fragmentation may occur, and thus the Shotgun 

Effect is risked. 
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Figure 2.5:  Normalized plots of f(θt)2 and g(θt) as functions of normalized device 
standoff distances (d/r).  The plot of g(θt) is especially significant because it gives the 
optimal device standoff distance d/r at its maximum value. 
 
 The major difference between the functions f(θt) and g(θt) is that f(θt) assumes a 

constant deposited energy whereas g assumes a constant device yield.  This is why f(θt) is 

relevant to the coupling term ηK (which is a fraction of the deposited energy) while g(θt) 

is relevant to the deflection velocity (which depends on total energy deposited). 

 The deflection velocity of the target is obtained from equation 2.10 by dividing by 

the target’s mass.  Thus, the deflection velocity is 

max)/(

)()(
2

)(
)/(

)(88.9
g
gY

r
v t

ccg

MTYcmeff

km
scmz

θ
ρ

βηλ
=       (2.12) 

Using the velocity, the kinetic energy of the target can be calculated, and thus the kinetic 

energy coupling term may be determined: 

2

max

)(
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

f
f

r
teff

K
θβλ

η          (2.13) 

 The β factor in the analytic model may be determined using a second approach.  

This approach also begins with the conservation of energy:  all deposited energy from the 

source ultimately heats, melts, or vaporizes the target (the kinetic energy portion comes 

from the vaporized and melted layers ablating).  Thus, the deposited energy must be 
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equal to the energy required to raise the deposition region to some temperature (including 

melting and vaporizing the target). 

If Cs is the target material’s specific heat, then the energy required to raise the 

temperature of an object is given by: 

TVCE msheat Δ×= ρ          (2.14), 

If Cf is the target material’s latent heat of fusion, then the energy required to melt an 

object is given by: 

VCE mfmelt ρ=          (2.15) 

If Cv is the target material’s latent heat of vaporization, then the energy required to 

vaporize and object is given by: 

VCE mvvap ρ=           (2.16) 

The volume V of the deposition region of the target to first order is given by  

DrV t 22

2
sin4 ⎟

⎠
⎞

⎜
⎝
⎛≅

θ
π          (2.17)  

where D is the depth of the deposition layer.  Thus, the change in temperature for the 

target can be approximated as 

( ) s

vf

smt

Y

C
CC

CDr
YT

+
−=Δ

ρθππ
η

22
int

sin2sin4
     (2.18) 

This temperature change can then be used to determine the temperature of the deposition 

region of the target, which can then be used as an “initial” condition in solving for the 

shock tube problem.  However, this model does not include ionization:  the ideally, 

sufficient energy is deposited for vaporization though not ionization to occur[6]. 

The Riemann Problem for surface discontinuities is used to model the target for 

determining a number of parameters, most important of which is the fluid momentum 
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inside the target, from which the target’s momentum may be calculated.  An application 

of the Riemann Problem is the shock tube model[11].  In the standard shock tube model, a 

container contains two chambers.  The first chamber contains a fluid at high temperature, 

high pressure, and high density; the second chamber contains a fluid at lower pressure, 

temperature, and density.  Figure 2.6 (below) illustrates before and after the membrane is 

ruptured. 

 
Figure 2.6:  Diagram of the standard shock tube model before membrane is removed (left) 
and after membrane is removed (right).  The model used in deriving the analytic 
expressions for the asteroid deflection problem would have a second low pressure fluid to 
the left of the high pressure region. 
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The two chambers are initially separated by a membrane, and thus each exists 

within a self-contained equilibrium.  The membrane is ruptured (or removed 

instantaneously), and the two fluids are allowed to interact.  The result is that the high 

pressure fluid will expand into the low pressure fluid, creating a shock in the second fluid.  

A rarefaction wave will travel back into the high pressure region.  The result is the 

formation of three “regions.”  The first region (Region1) is the unshocked low-pressure 

fluid; the second region (Region 2) is the shocked low-pressure fluid; the third region 

(Region 3) is the rarefaction region; and the fourth region (Region 4) is the un-rarefied 

high pressure fluid.  Additionally, Region 3 has an expansion region (Region 3a) and a 

“constant” region (Region 3b).  Figure 2.7 (below) shows the schematic fluid velocity, 

pressure, and temperature profiles for a shock tube some time t after the membranes have 

been ruptured, and figure 2.8 (below) shows a density schematic for time t. 
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Figure 2.7:  Velocity, pressure, and temperature profiles for a shock tube some time t 
after the membrane separating the two chambers of the tube has been ruptured[11].  The 
numerical subscripts represent the shock tube regions outlined in figure 2.6. 
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Figure 2.8:  Density schematic for a shock tube some time t after the membrane 
separating the two chambers of the tube has been ruptured[11].  The numerical subscripts 
again represent the shock tube regions outlined in figure 2.6. 
 

Using standard relations for a shock tube[11], it is possible to determine the 

momentum of the fluid in each of these four regions; this information can then be applied 

to the deflection model to determine the momentum of the target and that of the blowoff.  

When this model is applied to the deflection problem, there is a slight modification to the 

shock-tube:  rather than two chambers, there is now a high pressure chamber in the 

middle of the tube (the deposition layer) surrounded on either side by low pressure 

regions.  On the left is the non-deposition region of the target, and on the right is vacuum 

(initially has zero pressure and density).  If the momenta are solved at the time at which 

both rarefaction waves meet in the middle of the deposition layer for each region to the 

left and right of the tube, then the total momentum of the target might provide a useful 

approximation to the deflection momentum. 

Using the standard shock relations, the momentum for Regions 1 and 4 will be 

zero for both the left and right side (both of these regions have zero fluid velocity).  The 
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momentum per unit area for Region 2 is zero for the right side (the material density of 

vacuum is zero).  Solving for the momenta in Region 3 and the left (material) side of 

Region 2 can also be done. 

For the left side (inside the target), the momentum per unit area is given by: 
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where D is again the depth of the deposition layer, u2 is the speed of the shock front 

traveling into Region 1, v2 is the fluid velocity in Region 2, c1 and c4 are the speeds of 

sound in Regions 1 and 4 (respectively), and γ1 and γ4 are the specific heat ratios of 

Regions 1 and 4 (respectively).  In Region 3b, the expression for momentum per unit area 

is: 
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As for Region 3a, the momentum per unit area is given by: 
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Eqs. 2.20 and 2.21 can be combined to obtain the total momentum per unit area in Region 

3: 
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 The fluid velocity |u3a| = u3b is unknown.  However, the shock Hugonoit relations 

give the equations 
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for Region 2, where M is the shock’s Mach number vs/c1.  Using the definition of 

momentum per unit area, the momentum per unit area of Region 2 is 
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which can be combined with Eqs. 2.22, 2.23, and 2.24 to give 
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Eq. 2.23 can be combined with expressions from the rarefaction in Region 3a to obtain 
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which can be combined with Eq. 2.26 to obtain 
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Since the momentum per unit area in Regions 1 and 4 are zero or very small (which is 

true if the dynamics beyond time t = D/2c4 when the rarefaction waves from the left and 

right ride of the deposition region meet are ignored), eqs 2.22 and 2.29 can thus be added 

together to obtain the total momentum per unit area in a given direction: 
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Given that the rarefaction waves from the left and right sides of the deposition region 

(Region 4) travel with the same velocity (c4), they will meet each other in the center of 

the deposition region at time t = D/2c4.  Therefore, when the two rarefaction waves meet, 

Eq. 2.30 becomes 
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Given the expression in Eq. 2.7 for momentum, which may be re-written as 
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where α(θ) accounts for melting and vaporizing and D is replaced by λeff.  If the radial 

dependence is integrated out of this expression, then the momentum becomes 

φθθθεβρλθ ddRdp depeffz cos)()( 2=      (2.33) 

And a value for β can be obtained as 

γ
αβ

16
=           (2.33) 

which yields a value of β ~ 1.7x10-3. 

 



   23

3.  Data 

3.1 Energy Deposition 

 The TART simulations found that, as expected, the standoff distance does not 

affect the deposition coupling.  Thus, the energy deposition depends only on the 

intercepted yield, the source spectrum, and the material composition of the target. 

 
Figure 3.1:  Neutron fractional energy deposition in SiO2.  At higher energies, inelastic 
effects and absorption played a more significant role in energy deposition.  However, 
both of these effects peak or plateau at ~10 MeV. 
 

One interesting aspect of the neutron sources was the tendency for the target to 

undergo neutron capture, thus increasing the energy deposition on the target (Figure 3.1, 

above, and Appendix D).  However, this effect does not involve a momentum transfer 

(the neutron capture likely occurs in the blowoff material after ablation), and thus needed 

to be factored out of the coupling.  Once this neutron capture aspect was removed from 

the coupling parameter, the observed effect was that the photons coupled more strongly 

than the neutrons; also, higher energy neutrons coupled more strongly than lower energy 
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neutrons.  The comparative coupling for each source in each material is shown in figure 

3.2 (below). 

Deposition Coupling in Various Materials for 
Several Energy sources for an r=500m, d=r 
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Figure 3.2:  Deposition coupling in various materials for several energy sources for an r = 
500 m, d = r asteroid.  Higher energy neutrons (monoenergetic and fusion weapon 
sources) couple more strongly than lower energy neutrons (fission and fission weapon 
sources), and photons have stronger deposition coupling than neutrons. 
 
 The reason for the stronger coupling in higher energy neutrons is that the higher 

energy particles penetrate more deeply into the target.  This is because the mean free path 

(Figure 2.4 in the “Methods Section”) of a neutron tends to increase with its energy at 

energies in the MeV range.  Thus, a higher energy neutron will have a longer mean free 

path; this in turn means that it will travel a greater distance between collisions, and thus 

will penetrate deeper into the target before giving up all of its energy.   In general, the 

neutron coupling was from 0.6 for low energy sources up to 0.8 for high energy sources.  

Thus, if the intercepted yield of a neutron source device is 1 MT, then between 600-800 

kT will be deposited on the target. 
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In the case of the photons, which penetrate less deeply into the target, the 

coupling ηY is greater than that of neutrons.  Again, higher energy photons will penetrate 

more deeply into the target than their lower energy counterparts (Figure 2.4 in the 

“Methods Section”), but lower energy photons are more readily absorbed than their 

higher energy counterparts.  The coupling was >0.99 for the 1 keV photons and about 

0.9-0.95 for the 10keV photon sources:  very little of the intercepted yield is “lost” from 

the target (via radiation and other non-absorptive processes). 

 Several other trends can be established from these data.  One interesting trend is 

that H2O absorbs neutrons most efficiently but photons least efficiently. Perhaps most 

significant, however, is that the energy coupling is not tremendously sensitive to the 

material composition. This is convenient since detailed information on the material 

composition of the target might not be available.  For example, the effects of neutron 

capture on material type are not well enough understood to be fully disregarded.  In other 

words, it is not entirely known whether the effects of neutron capture should be included 

in the coupling calculations.  Resolution of this problem requires a dynamic modeling of 

the energy deposition and material blowoff.  If the neutron capture energy occurs a 

sufficiently long time after the deposition region ablates, then this energy won’t actually 

be used in deflecting the target; on the other hand, if the neutron capture energy is 

released prior to ablation, then this energy will also contribute to heating, melting, 

vaporizing, and in general ablating the blowoff layers and will therefore contribute to the 

impulse exerted on the target and thus to the target’s deflection velocity. 
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3.2 Kinetic Energy Coupling 

 Unfortunately, the kinetic energy coupling is not so efficient.  As was noted in 

section 2.2, the expected value of the efficiency prefactor β is of order 10-3.  Using Eq. 

2.13, the expected maximum value of the kinetic energy coupling is 10-3λeff/rtarget.  The 

target radius is of order 1 km, whereas λeff is ~10 cm for neutrons, ~100 μm for 10 keV 

photons, and ~10μm.  Hence, the expected value of ηK is ~10-7 for neutrons, ~10-8 for 10 

keV photons, and ~10-9 for 1 keV photons. 

 The final kinetic energy coupling was simulated for several of the energy sources 

described in an r = 500 m SiO2 target.  The density of the target was given as the standard 

density of SiO2, which is ρm=2.5g/cc, and the source energy was a constant 5 MT.  The 

data from these simulations are presented in table 3.1 (below). 

 

Source λeff (cm) vdef (cm/s) ηK (10-7) β 

FW Neutrons 33 4.5 10 3.03e-3 

TNW Neutrons 30 4.0 8.5 2.83e-3 

14.1MeV Neutrons 25 3.0 9.0 3.6e-3 

10keV Photons 3.0e-2 1.1 0.63 0.21 

1keV Photons 4.0e-4 0.25 0.029 0.725 

Table 3.1:  Deflection velocity, λeff, kinetic energy coupling, and efficiency prefactors for 
various device sources for an r = 500 m SiO2 target. 
 

The neutron sources each impart a deflection velocity of 4-5 cm/s to the target.  

This suggests that a minimum lead time of order one decade is needed to deflect a 1km 

sized asteroid sufficiently enough for it to not collide with the earth.  A slightly longer 
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lead time is needed for the photon sources.  Thus, if a response time of less than ~1 

decade is needed, either a larger device yield or multiple sources may be needed or the 

NEO must be hit with several devices in succession. 

These data may suggest that the kinetic coupling is actually stronger for the 

lower-energy neutrons.  However, ηK is only half of the coupling picture.  The other half 

is the deposition coupling ηY, which was discussed in section 3.1 (above).  When the two 

are combined, a different picture emerges.  Table 3.2 (below) presents the values for the 

total coupling of various sources in SiO2 at a standard density of ρ = 2.5 g/cc. 

 

Source ηY ηK (10-7) ηYηK (10-7) vdef

FW Neutrons 0.6 10 6.0 4.5 

TNW Neutrons 0.68 8.5 5.8 4.0 

14.1MeV Neutrons 0.78 9.0 7.0 3.0 

10keV Photons 0.92 0.63 0.58 1.1 

1keV Photons 0.99 0.029 0.029 0.25 

Table 3.2:  Total coupling efficiency for various sources in an SiO2 target at a standard 
density of ρ = 2.5 g/cc. 
 

Thus, the total coupling efficiency is greatest for the high-energy monoenergetic 

neutrons.  Interestingly, the thermonuclear (fusion) weapon neutrons appear to have a 

slightly lower coupling efficiency than do the fission weapon neutrons.  However, the 

thermonuclear weapon source has another important advantage over the fission weapons 

source:  higher device yields.  Fusion weapons have been able to achieve yield of orders 

of magnitude higher than fission weapons. 
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Further, all of the neutron sources have greater coupling than any of the photon 

sources, by a factor of ~10 for the 10 keV photons and by ~200 for the 1 keV photons.  

Given that the neutrons carry much more momentum than do the photons, this is not so 

surprising.  However, the momentum transfer was never calculated directly; rather, 

energy was transferred from the source to the target in the form of heat.  Thus, there is 

another reason for the greater impulse due to neutrons:  from Eq. 2.33, the momentum is 

proportional to the deposition depth multiplied by the square root of the deposited energy.  

Thus, for the same total deposited energy the neutrons impart greater impulse to the 

target than do photons because the neutrons penetrate more deeply.   

 Also of importance is that the coupling and deflection velocity fall to zero if the 

device yield does not heat the deposition region sufficiently to melt a part of the target.  

Thus, the device yield becomes important to the extent that there is a minimum yield 

below which the deflection velocity and therefore ηK fall to zero.  Furthermore, in the 

limit of very high yields, the fraction of deposited energy that is necessary to heat the 

target is very small. 

Also, the data imply a very high efficiency prefactor for the photons.  This 

suggests that the models for photon deposition may be different from those of neutron 

deposition, and that therefore the analytic equation derived in section 2.2 does not apply 

to photon deposition.  This is confirmed by further TART simulations, which reveal that 

a better approximation for the photon deposition is exp[-((r-r0)/λeff)^0.4]. 

 Also of relevance is the standoff distance to be used for the device.  The model 

predicted that the most efficient coupling distance is given by d/r = 0.33, somewhat lower 

than the value of 0.5 predicted by Dearborn’s model. The difference between the two 
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models’ predictions of the optimal standoff distance results from a difference in the 

assumed functional form of the deposited energy density.  To test this model, the 

monoenergetic source was used at various standoff distances for an r = 500 m SiO2 target.  

First, the total device yield was held constant (see table 3.3 below). 

 

d/r Y Yint ηK(e-7) vdef (cm/s) 

0.2 5.00 1.12 2.3 3.4 

0.3 5.00 0.852 3.9 3.9 

0.4 5.00 0.750 3.6 3.5 

0.5 5.00 0.637 3.7 3.3 

1.0 5.00 0.335 3.3 2.2 

Figure 3.3:  Kinetic coupling and deflection velocities for a 5 MT total yield, 14.1 MeV 
monoenergetic neutron source detonated at varying standoff distances. 
 
 These data confirm the analytic model’s prediction that the best standoff distance 

is d/r ~ 0.3.  However, as Figure 3.2 (below) shows, these data show a narrower peak for 

g(θt)/gmax.  Thus, the model accurately predicts the optimal standoff distance and gives a 

reasonable qualitative though not quantitative prediction of the effects of deviation from 

this optimum position.  However, this more rapid decay in g(θt)/gmax at large standoff 

distances may be due to inadequate heating, e.g. the target not melting.  Therefore, 

increasing the source yield to 100 MT may cause the peak to broaden. 
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Figure 3.3:  Plot of the simulated result for the normalized function g(θt).  The maximum 
value appears at approximately d/r = 0.33; however, the width of the g(θt) is narrower 
than predicted by the analytic model. 
 
 
 The same comparisons were done a second time, but instead of holding the device 

yield constant at 5 MT, the intercepted yield was maintained at a constant 0.335 MT.  In 

these sets of simulations, the data suggests that the optimal standoff distance at a fixed 

intercepted yield of 335 KT is d/r = 0.5 (Table 3.4).  The analytic model fails to account 

for the fact that as a device is moved farther away, less of its yield is intercepted, until at 

some standoff distance, the specific yield intercepted is insufficient to cause a part of the 

target to melt.  At this point, ηK falls to zero and deflection no longer occurs. 

 The Dearborn model assumes a constant energy deposition over a fixed depth to 

an angle of θt.  This failure to account for the exponential decay of the energy deposition 

as a function of depth and the assumption of a constant deposition as a function of target 

angle manifest in the form of a larger optimal standoff distance of d/r ~ 0.5.  The Miles-

Sanders modification to the Dearborn model assumes an exponential decay of energy 

deposition with depth and a cosine dependence on θt.  Therefore, the Dearborn-Miles-
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Sanders model is able to offer a better prediction for the optimal device standoff distance, 

as demonstrated by Figure 3.2. 

d/r Y Yint ηK(e-7) vdef (cm/s) 

0.2 1.50 0.335 1.8 1.6 

0.3 1.97 0.335 2.8 2.1 

0.4 2.29 0.335 2.9 2.1 

0.5 2.63 0.335 4.0 2.5 

1.0 5.00 0.335 3.3 2.2 

Table 3.4:  Kinetic coupling and deflection velocities for a 0.335 MT intercepted yield, 
14.1MeV monoenergetic neutron source detonated at varying standoff distances. 
 
 The data presented in Tables 3.3 and 3.4 can also be compared to the normalized 

f2(θt) function used in the analytic model to predict the kinetic energy coupling ηK.  A 

plot of the calculated values for the normalized function f2(θt) is compared to the analytic 

model’s predicted curve in Figure 3.4.  In essence, both sets of data match the theoretical 

model fairly well at small (d/r ≦ 0.5) standoff distances, though the model fails at larger 

standoff distances where heating is insufficient to vaporize the target material.  The 

simulations also do not give a monotonically increasing value for f2(θt) at intermediate 

values of d/r, which conflicts with the model plotted in figure 2.5; this is because there 

isn’t enough energy deposited to melt the target at larger standoff distances, and thus the 

target is not deflected. 

 The function f2(θt) instead of g(θt) is used to predict ηK because f2(θt) assumes a 

constant deposited energy whereas g(θt) assumes a constant source yield.  Since the 

coupling is by definition the fraction of the deposited yield which is transformed into 
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kinetic energy, it is the deposited yield and not the total yield which is of relevance.  

When the yield is held constant, the deposited yield is spread more evenly across the 

surface of the target at large standoff distances due to geometric effects.  This spreading 

thus deposits energy on a larger mass dm (as per Eq. 2.5).  However, in actuality the 

intercepted (and therefore the deposited) yield decreases due to geometric affects at larger 

distances, resulting in the optimal standoff distance predicted by g(θt). 

 
Figure 3.4:  Comparison of the calculated values and analytic model for the normalized 
function f2.  The simulated values agree qualitatively with the analytic model’s prediction 
for f(θt) except at large standoff distances. 
 
 

3.3 Time-dependant Deposition and Mixed Sources 

 Also of interest was the deposition rate of each of the sources.  Figure 3.5 (below) 

shows the fractional energy deposition over the course of 10 ms in SiO2 for each of the 

sources studied. 
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Figure 3.5:  Fractional energy deposition in SiO2 for various sources.  The photons 
coupled most rapidly, within a time of 1-2 μs, while the neutron sources coupled more 
slowly, requiring ~0.1 ms to deposit half of their energy. 
 
 One important aspect of the time-dependent energy deposition is that the photons 

are able to complete deposition before any appreciable amount of neutron energy is 

deposited.  Also, high-energy neutron sources initially deposit more rapidly than low-

energy sources, though the fission sources are able to overtake the thermonuclear (fusion) 

source.  This may be in part due to the large number of neutrons present in the middle-

range of the fission spectra as compared with the fusion spectrum. 

Also of interest is that the neutron energy deposition includes two stages.  The 

first stage is driven by deposition from the neutrons’ kinetic energy and the second is 

driven by neutron capture.  Thus, the high-energy monoenergetic source is driven 

primarily by kinetic energy deposition (as seen by the steeper slope of the 14.1 MeV 

neutron deposition curve from t = 10-20 μs), whereas the other neutron sources are more 
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strongly influenced by neutron capture (as observed by the steeper post inflection rise in 

the fission, fission weapon, and fusion weapon deposition curves after t~100 μs).  As 

expected, the photon depositions are driven entirely by kinetic energy deposition. 

 The comparatively rapid deposition of the photon energy relative to the neutron 

energy has interesting implications for a mixed photon/neutron source device.  Since the 

photons nearly finish deposition by the time the neutrons have deposited any appreciable 

energy, it stands to reason that a part of the target will ablate due to photons before the 

neutrons have appreciably interacted with the target.  This ablation would give the target 

an initial impulse prior to ablation from the neutron deposition.  Also, due to the transit 

time for the neutrons between the source and the NEO, the neutrons would actually travel 

through this region en route to the target. 

 
Figure 3.6:  Deflection velocities of several neutron fractions for a mixed sources 
consisting of 14.1MeV neutrons and 10keV photons.  The neutron fraction is the fraction 
of the total yield energy consisting of neutron energies. 
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Several hybrids of the 14.1 MeV neutron sources and the 10 keV photon source 

were simulated in CALE.  Figure 3.6 (above) gives the deflection velocity of the target as 

a function of time for several photon-neutron mix ratios, and figure 3.7 (below) shows the 

deflection velocity and kinetic coupling for several mix ratios at 5MT, 20MT, and 

100MT device yields. 

 
Figure 3.7:  Deflection velocity (left) and kinetic coupling versus neutron fractions for 
several pure and hybrid neutron-photon sources and device yields of 5 MT, 20 MT, and 
100 MT.  The device yield affects deflection velocity (as expected), though it has 
qualitatively no effect on coupling.  Both the maximum velocity and the maximum 
kinetic coupling are attained for an equal ratio of photons and neutrons. 
 
 For 14.1 MeV monoenergetic neutrons and 10 keV photons, a mix of photons and 

neutrons is more effective than an equivalent yield of a pure photon or pure neutron 

source.  It is not entirely understood why hybrid neutron-photon sources couple more 

effectively than either photon or neutron sources.  One possibility is that the pressure 

resulting from the photon deposition binds the neutron deposition layer to the target and 

thus allows the neutrons to more thoroughly transfer their momentum to the target.  The 

most likely reason is that the deflection velocity is proportion to the square root of the 

deposited yield.  Thus, if the yield is doubled, the deflection velocity will increase by a 

factor of the square root of 2.  If two sources with the original yield are used some long 
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time apart instead of doubling the yield, the effect would be to double the deflection 

velocity of the target as compared to the total deflection velocity of using a single source 

at the original yield.  Since the photons deposit at an order of magnitude faster than the 

neutrons, a mixed photon-neutron source is equivalent to using two separate sources.  

Thus, a mixed source would have a larger net affect on the deflection velocity than a pure 

neutron or photons source.  A more complete resolution study of this problem may allow 

for a stronger conclusion to be made. 

The most effective fractional neutron mix is 0.5.  If deposition depth is neglected 

and considering the hypothetical effects of using multiple sources as opposed to a single 

source, the deflection velocity of the mixed source will be proportional to the sum of the 

square roots of the neutron fraction and photon fraction of the total yield: 

neutronneutronphotonneutrondef ffffv −+=+ 1~      (3.1) 

 This function has a maximum value when the photon and neutrons are each equal, i.e. 

when the source yield is half photons and half neutrons.  Also relevant is that neutron 

fractions of 0.1 and 0.9 have approximately the same effect, though a pure 14.1 MeV 

neutron source is 1.6-2.6 times more effective than a pure 10 keV photon source.  This 

also seem to agree with the expression in Eq. 3.1, which is symmetric about its maximum. 

 Also of note is that the highest-yield (100 MT) device still only imparts a 

deflection velocity of 15 cm/s.  Such an imparted velocity requires approximately one 

year of lead time for the NEO to be sufficiently deflected.  Thus, if a response time of 

less than ~1 year is needed, a more effective method of deflection will be needed. 
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4.  Conclusions 

 Unless measures of mitigation are taken, asteroids and other objects will collide 

with the earth in the future.  Objects of order 2r = 1 km can cause substantial damage to 

the earth, but can also be deflected with the use of a nuclear device.   

 Simulated deposition coupling suggests that photons deposit more efficiently than 

do neutrons if neutron capture is ignored.  The 10 keV photons couple less efficiently 

than do 1 keV photons, though both couple with efficiencies in excess of 90% for most 

materials.  Neutrons, on the other hand, tend to deposit more efficiently if they have 

higher energies. 

The total coupling ηYηK is greatest for neutrons, as predicted by the analytic 

model.  Also, the 10 keV photons have more efficient total coupling than do the 1 keV 

photons. Further, the simulated data suggests that neutrons of the fission weapons 

spectrum couple slightly more efficiently than those of the fusion weapons spectrum.  

However, comparative studies were only conducted for SiO2, so it is possible that fusion 

weapons may couple more efficiently than fission weapons in other materials.  In any 

case, the 14.1 MeV monoenergetic neutrons had a total coupling which was less efficient 

than that of either weapon spectrum source, and the fusion weapon neutrons coupled less 

strongly than did fission weapon neutrons.  This suggests that high-energy neutrons 

couple less strongly than their low-energy counterparts.  The lower coupling of the 

higher-energy neutrons from the monoenergetic and fusion weapons source than the 

lower-energy neutrons from the fission weapons source is intriguing, and should be 

studied in more detail in the future. 
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These results all assume a static sourcing of the energy.  When the energy is 

sourced in dynamically, a few more interesting results were observed.  One is that the 

photons deposited more rapidly than the neutrons, and the other result was that mixed 

photon-neutron sources couple more effectively than either pure photons or pure neutron 

sources in preliminary tests.  This suggests that the neutrons couple more effectively 

when a thin layer of the target is already ablated due to photon deposition prior to the 

arrival of the neutrons, e.g. that using two sources couple more effectively than one 

single source.  However, the effects of combining 1 keV photons with neutron sources 

and combining 10 keV photons with any source other than the monoenergetic neutrons 

source are unknown.  It is hypothesized that the neutron deposition will improve for 

combined sources regardless of the neutron source used; however, since the deposition 

layer of the 10 keV photons is so much greater than that of the 1 keV photons, the 1 keV 

photons may have a lesser effect on the neutron coupling. 

The Dearborn-Miles-Sanders model for asteroid deflection is qualitatively 

accurate for predicting asteroid deflection.  It also gives an accurate determination for the 

optimal device standoff distance for the maximum efficiency, whereas the unmodified 

Dearborn model predicts a higher value.  The most effective standoff distance is 

predicted by the Dearborn-Miles-Sanders model to be d/r = 0.33. 

While the analytic model accurately predicts the behavior of neutron sources, its 

effectiveness for predicting the behaviors of photon sources are not well-known.  By 

extension, the analytic model’s ability to predict mixed sources has also not been studied.  

The analytic model also fails to account for the effects of dynamic energy sourcing.  It is 

therefore recommended that further research be conducted in these areas. 



   39

Preliminary studies indicate that mixed neutron-photon sources allow for greater 

coupling efficiency than pure neutron or photon sources.  While improved and better-

resolved calculations will be required to confirm this, it is likely due to the time-

separation between the energy deposition of the two sources. 

One hundred MT class mixed-source nuclear devices are capable of imparting a 

deflection velocity of ~15 cm/s to a 1-km NEO.  Such a deflection velocity would only 

require approximately one year of lead-time to deflect the NEO sufficiently to avert a 

global catastrophe as compared to the decades to centuries of lead time required for other 

deflection schemes.  For much larger impactors, multiple sources would likely be 

required to deflect the target.  Therefore, multi-source deflection represents an important 

direction for future research. 
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APPENDIX A 

Glossary 

 

 Due to the nature of this document, a large number of acronyms and technical 

terms are used throughout.  It is therefore convenient to the reader to provide a reference 

to briefly define the various acronyms in this document.    Definitions of some of the 

more prevalent terms are also provided. 

 

Ablation— Rapid blow-off due to quickly heating the surface of an object.  The material 

near the target object’s surface is vaporized and rapidly expands away from the object, 

creating blowoff. 

 

Blowoff— The ablated material of a target object due to superheating from an energy 

source such as a neutron or photon source 

 

CALE— LLNL hydrodynamics code used to study the effects of rapid energy deposition 

on an object.  CALE is used (among other things) to determine the Kinetic Energy 

Coupling Parameter, ηK and to determine the deflection velocity of the target object, as 

well as shockwaves and temperature within the target object. 

 

Deflection Velocity—  The change in the target object’s velocity.  
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Deposition Layer— Thin layer near surface of target object into which neutron or 

photon energy is deposited. 

 

Deposition Region—See “Deposition Layer.” 

 

Energy Deposition— Energy transferred to the target object from the energy source. 

 

IDL— “Interactive Data Language.”  This program was used to generate CALE input 

decks from TART output data and other parameters. 

 

Intercept Angle—Angle subtended by the z-axis and the tangent line from the energy 

source to the object. 

 

Kinetic Energy Coupling Parameter (ηK)— Fraction of total energy deposited in the 

target object that is ultimately converted into kinetic energy. 

 

LLNL— Lawrence Livermore National Laboratory. 

 

MOID—Minimum Orbital Intersection Distance.  This is the smallest distance between 

the object and the Earth as the object passes by the Earth. 
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NEO—Near Earth Object. A NEO is any asteroid, comet, or meteor in the general 

vicinity of the earth.  Such objects may impact the earth, causing fires, shockwaves, 

earth-quake tremors, and tsunamis (if the object impacts a large body of water). 

 

PHO— Potentially Hazardous Object.  The Near-Earth object program defines such 

objects as having a minimum diameter of 150 meters and a minimum orbital intersection 

distance of 0.05AU with the earth. 

 

Shotgun Effect— Impacts of smaller objects against earth as a result of fracturing main 

target object. 

 

Standoff Distance—Distance between the neutron or photon source and the surface of 

the target object. 

 

TART— Monte Carlo code developed by Dermot “Red” McCullen of LLNL.  TART is 

used to determine energy deposition and the Yield-Energy Coupling Parameter ηY. 

 

Yield-Energy Coupling Parameter (ηY)— Fraction of energy intercepted by target 

object which is actually deposited on the object. 
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Appendix B:  Energy Deposition Charts 

 
Figure B.1:  Normalized energy depositions of a fission neutron source in SiO2 as 
functions of deposition depths at constant angles (left) and as functions of angle at 
constant deposition depths (right). 
 

 
Figure B.2:  Normalized energy depositions of a 10keV blackbody photon source in SiO2 
as functions of deposition depths at constant angles (left) and as functions of angle at 
constant deposition depths (right). 
 

 
Figure B.3:  Normalized energy depositions of a 1keV blackbody photon source in SiO2 
as functions of deposition depths at constant angles (left) and as functions of angle at 
constant deposition depths (right).
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Appendix C:  Mean Free Paths of Neutrons and Photons in Various Materials 
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Figure C.1:  Mean free paths of low-energy (left) and high-energy (right) neutrons and 
photons in granite as functions of energy. 
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Figure C.2:  Mean free paths of low-energy (left) and high-energy (right) neutrons and 
photons in H2O as functions of energy. 
 

 

neutrons 

photons 

neutrons 

photons 

Figure C.3:  Mean free paths of low-energy (left) and high-energy (right) neutrons and 
photons in iron as functions of energy. 
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Figure C.4:  Mean free paths of low-energy (left) and high-energy (right) neutrons and 
photons in nickel-iron as functions of energy. 
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Appendix D:  Neutron Fractional Energy Deposition for Various Materials 
 

 
Figure D.1:  Neutron fractional energy deposition in granite. 
 

 
Figure D.2:  Neutron fractional energy deposition in H2O. 
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Figure D.3:  Neutron fractional energy deposition in iron. 
 

 
Figure D.4:  Neutron fractional energy deposition in nickel-iron. 



 
 
 
 
 
 
 
 

This concludes my motherf---ing 
thesis. 
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