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Tactical warning times
Some of the potential missions for boost-glide weapons would require tactical
surprise for success, that is, the target state must receive insufficient warning
of an incoming attack to be able to take effective countermeasures.1 For
example, the United States would only be successful in attacking North
Korean ICBMs or Chinese anti-satellite weapons if the incoming gliders
were not detected until it was too late for North Korea or China to launch
their weapons before they were destroyed.
Warning time depends on both the characteristics of the incoming weapon
and the target state’s detection capability. For illustrative purposes, two different strikes are considered here:
• a strike with a long-range weapon, very similar to the Hypersonic Technology Vehicle-2 (HTV-2), over a distance of 11, 000 km (the distance
from Vandenberg Air Force Base in California to central China). It is
assumed that L/D = 2.5 and that equilibrium gliding is established,
as in the planned B test flight for the HTV-2, 600 s after launch, when
the vehicle is 4, 200 km downrange and traveling at 6, 100 ms−1 .
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• a strike with a shorter-range, forward-deployed weapon, broadly similar to the Advanced Hypersonic Weapon (AHW), over a distance of
3, 500 km (a plausible range for a U.S. submarine in the Pacific ocean to
attack a target in central China). It is again assumed that L/D = 2.5
but, in this case, that equilibrium gliding is established 450 s after
launch, 2, 500 km downrange and at a speed of 3, 200 ms−1 .2
Three different types of early-warning system are considered: satellitebased infra-red sensors designed to detect missile plumes, and ballistic missile early-warning radars and modified air defense radars designed to detect
incoming re-entry vehicles (RVs). Although not considered here, an area for
further study is the possibility of detecting the heat signal of an incoming
glider by airborne or space-based infra-red detectors.
Currently, only the United States operates satellite-based infra-red sensors (known in U.S. military jargon as overhead persistent infra-red sensors)
to detect ballistic missile launches. Following a series of technical failures,
none of Russia’s early-warning satellites are operational at the moment, but
it had a space-based early-warning capability until 2014 (though this capability had been limited for some time) and has the stated intent to reacquire
it.3 There have also been media reports that China is developing earlywarning satellites too.4
Because a boost-glide weapon would be launched by a rocket very similar
to a long-range ballistic missile—if not by a repurposed intercontinental ballistic missile (ICBM) or sea-launched ballistic missile (SLBM)—it would be
detected by an appropriately positioned satellite very shortly after launch;
at the latest immediately after penetrating through any clouds that happened to be present. For satellite-based early warning systems, therefore,
the warning time would essentially be equal to the total weapon travel time.
This time can be calculated from (S.25) and is shown in table S.1.
An alternative means to detect an incoming boost-glide weapon would
be radar. The United States, Russia and China all operate large land-based
radars designed to detect incoming intercontinental-range missile RVs early
in flight. The differences between the boost-glide and ballistic trajectories
have important implications, however, for monitoring by such radars. The
HTV-2, for example, is designed to glide at an altitude of less than 50 km
and to approach the target at 30–40 km. By contrast, ICBMs generally “top
out” at well over 1,000 km. In consequence, an incoming hypersonic glider
would be located below a radar’s horizon—that is, hidden from it by the
Earth’s curvature—for much more of its trajectory than a ballistic missile.
Thus radars would provide much less warning time of a boost-glide weapon
attack than a ballistic missile attack.
To be precise, the distance, `, at which an RV approaching a radar rises
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above its horizon and into its field of view is given by


p
` = kre −θ + θ2 + 2h/kre ,

(S.1)

where h is the altitude of the RV, θ is the angle of elevation of the radar
(in radians), k is a dimensionless constant, and re is the radius of Earth.
Based on a purely geometric argument, k should equal unity. However,
the first-order corrections from refraction result in k = 4/3.5 If a radar is
sufficiently powerful to detect an incoming RV at a distance `, increasing
the radar’s power further does not lengthen the detection distance. In this
“horizon-limited” case, the warning time is equal to the time between the
RV’s passing through the radar’s horizon and its reaching the target.
In general, ` increases as θ decreases. However, if θ becomes too small,
the signal can get “lost” in interference from the ground. Upper and lower
bounds on θ for a modern early-warning radar can be estimated from the
environmental impact statement on U.S. national missile defense activities
produced by the U.S. Missile Defense Agency. According to this document,
the Pave Paws early-warning radar can be angled to 3◦ above the horizon,
giving the upper bound on θ.6 However, the bottom of the beam extends
for about one degree below its center, so a lower bound on θ is 2◦ . Using
(S.1) with θ = 3◦ and h = 30 km, a lower limit on the detection distance for
a glider is about 400 km. Taking θ = 2◦ and h = 40 km gives an upper limit
of about 600 km. Using an intermediate value of ` = 500 km and assuming
that the radar is located 500 km in front of the target, warning times can be
calculated using (S.25) and are shown in table S.1.
Finally, a state could attempt to use a less powerful air-defense radar to
detect an incoming boost-glide weapon. In this case, the detection distance
would depend on the radar cross section, σ, of the incoming RV. If a radar’s
detection capability is limited by its power, rather than its horizon, then
detection distance is given by
` = R0 σ 1/4 ,

(S.2)

where R0 , the reference range of the radar, represents the detection distance
for an object with a cross section σ = 1 m2 . The cross section of an RV
depends on both its shape and the wavelength, λ, of the incident radar waves.
Since the shape of U.S. hypersonic gliders is classified an exact calculation is
not possible. However, because the AHW is conical, its cross section when
viewed “nose-on” is probably similar to that of a ballistic re-entry vehicle for
which σ ∼ 0.1λ2 at relevant wavelengths.7 For a surveillance radar operating
near 1 GHz (the lower end of the L band), the cross section of the AHW is,
therefore, approximately 0.01 m2 . The same cross section is assumed for the
HTV-2, even though it is non-axissymmetric, on the grounds that, because
` depends only weakly on σ, even a rough approximation to the cross section
can yield a reasonable approximation to detection distance.
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Early-warning satellite
Missile early-warning radar
Air defense surveillance radar

HTV-2 strike
over 11, 000 km
37
7
4

AHW strike
over 3, 500 km
14
7
4

Table S.1: Warning time in minutes for boost-glide strikes against
different early-warning systems. It is assumed that the radars are
located 500 km in front of the target.
Using (S.2) with σ = 0.01 m2 , it follows that a sophisticated air defense
radar with R0 = 300 km would be able to detect an incoming glider at a
distance of about 100 km.8 The resulting warning times are shown in table
S.1 (again under the assumption the radar is located 500 km in front of the
target.)
The values shown in table S.1 are illustrative and can change depending
on the locations of the target and the radars, and the precise trajectory of
the incoming weapon. What’s interesting is not so much the exact values
but how different warning times can be. For example, if used against a
sophisticated adversary with a satellite-based early-warning system, a longrange weapon based in the continental United States could provide militarily
significant warning of an attack.9 This weakness reduces the value of acquiring boost-glide weapons to threaten Chinese anti-satellite capabilities or
anti-ship ballistic missiles since Beijing could probably field early-warning
satellites before the United States could field boost-glide weapons. The use
of a shorter-range, forward-based boost-glide weapon in this scenario would
reduce warning time significantly—but it would still be a marginal case that
the U.S. Department of Defense should examine more closely if it is interested in acquiring the AHW or a similar system for use against China. By
contrast, an adversary that has only radar technology at its disposal would
be highly unlikely to gain a useful margin of tactical warning of a boost-glide
strike. Thus table S.1 helps illustrate two general points about boost-glide
weapons: that their military effectiveness is scenario-dependent and that
different weapons have their own specific set of strengths and weaknesses.

Attacking hard and deeply buried targets
Penetration depths
A non-nuclear earth-penetrating weapon essentially consists of a high-explosive
warhead protected by a metal case. In order to destroy an underground facility it must pass through the ground and into target (or at least very
nearby) before the explosive is detonated. (This kill mechanism stands in
contrast to the way nuclear earth-penetrators work. They do not need to
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detonate close to a target but instead aim to create a large shockwave that
propagates through the ground, potentially for hundreds of meters, before
crushing the target.)
Based on experimental data, Sandia National Laboratories have developed a widely-used set of formulae that relates penetration depth, Dp , to
the speed of a penetrator on impact, vp . For a penetrator with vp > 61 ms−1
striking a hard rock or concrete target, the relevant formula in SI units is10
Dp = 0.000018SN (mp /Ap )0.7 (vp − 30.5) ,

(S.3)

where S is a dimensionless quantity representing the “penetrability” of the
target, N is a dimensionless quantity that depends on the shape of the penetrator’s nose, mp is its mass, and Ap is its cross-sectional area. This result
ceases to be valid when vp becomes so large that the penetrator deforms plastically on impact, at which point Dp starts to decrease.11 There is, therefore,
an optimum impact speed that maximizes penetration depth. This speed
depends on the yield strength of the penetrator’s shell and is between about
1, 000 and 1, 200 ms−1 for modern materials.12
Existing air-dropped penetrators are reported to be able to reach speeds
of between 460 ms−1 and 500 ms−1 , significantly lower than is required to
maximize penetration depth.13 Boost-glide weapons weapons, by contrast,
could deliver a penetrator at the optimum speed. In fact, they would generally need to slow down from their cruising speeds to prevent failure of the
penetrator on impact.
Given the number of unknowns in (S.3), a productive way of exploring
the effectiveness of a hypothetical boost-glide penetrator is to estimate its
effectiveness relative to other penetrating weapons that the United States
currently possesses. This approach is not just mathematically convenient;
it is also useful from a policy perspective because it focuses attention on
the extent to which boost-glide weapons could augment existing U.S. capabilities. Assuming that two different penetrators (labeled 1 and 2) have
similarly shaped noses, it follows from (S.3) that their relative effectiveness
—that is, the ratio of their penetration depths—is given by
!
(1)
(1)
(1) 0.7 (1)
Dp
mp /Ap
vp − 30.5
=
.
(S.4)
(2)
(2)
(2)
(2)
Dp
mp /Ap
vp − 30.5
The most effective penetrator that the United States currently possesses
is the GBU-57—more commonly known as the Massive Ordnance Penetrator. It is reportedly able to penetrate to 20 m in reinforced concrete,
although there is no independent confirmation of this claim.14 Data on the
reported mass, length (Lp ), and radius (rp ) of this weapon are shown in
table S.2, along with its calculated mass-to-area ratio and average density
(ρ̄p ), assuming it is cylindrical. It has also been reported that the Massive
Ordnance Penetrator contains about 2, 400 kg of high explosive.
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mp (kg)
Lp (m)
rp (m) 
ρ̄p kg m−3 
mp /Ap kg m−2
vp m s−1

GBU-57
13, 600
6.25
0.4
4, 300
27,000
480 ± 20

GBU-28
2, 075
5.824
0.185
3, 300
19,000
480 ± 20

Boost-glide penetrator
1, 250 ± 250
5.0 ± 0.5
0.16 ± 0.02
3, 100 ± 1, 200
15, 400 ± 5, 600
1, 100 ± 100

Table S.2: Properties of three different earth-penetrating weapons:
the GBU-57 (Massive Ordnance Penetrator), the GBU-28, and
a hypothetical boost-glide delivered weapon. All quantities are
defined in the text. Sources for the data on the GBU-57 and GBU-28:
“GBU-57A/B Massive Ordnance Penetrator (MOP),” Jane’s Air-Launched
Weapons (IHS Global, February 25, 2013); “GBU-28 Paveway III and Enhanced Paveway III,” Jane’s Air-Launched Weapons (IHS Global, February
27, 2013).
Any estimate of the characteristics of a hypothetical boost-glide penetrator is necessarily subject to large uncertainties. David Wright’s analysis of
the drop zones for the HTV-2 test flights, presented in a companion paper,
suggests that the HTV-2 has a mass of around 1, 000 kg. There is insufficient
data to estimate the mass of the AHW.15
In any case, if boost-glide technology is successfully developed, it may
be possible to fly gliders substantially heavier than the HTV-2 by trading increased weight for reduced re-entry speed (and hence reduced range).
Certainly, the Minotaur IV Lite launch vehicle can carry a payload heavier than 1, 000 kg. According to the environmental impact assessment for a
(now-abandoned) weaponized version of the HTV-2, the Conventional Strike
Missile, this booster can accommodate a payload with a maximum mass of
1, 500 kg and a maximum length of 6.1 m.16 The User’s Guide for the Minotaur family of rockets puts the maximum payload of the Minotaur IV Lite
at 3, 000 kg when fired on a ballistic trajectory with a range of 6, 600 km.17
Clearly, not all of the glider’s mass can go to the warhead, but it seems
plausible to assume that a boost-glide penetrator might have a mass of
1, 250 ± 250 kg, of which about 15% or 190 kg is high explosive, and might
be 5 ± 0.5 m in length.
To have the same mass-to-area ratio as the GBU-57, the boost-glide
penetrator would have a radius of about 0.12 m. A penetrator this thin
appears to be implausible for a couple of reasons. First, this penetrator
would have an average density of 5, 400 kg m−3 , which is much higher than
anything that has been achieved previously and appears infeasible because
of the need to incorporate high explosive, which has a low density, into
the structure. Second, a penetrator that is too thin would risk bending on
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impact, severely reducing its effectiveness. A useful point of reference here
is the GBU-28, a penetrating weapon that has a roughly similar total mass
to the boost-glide penetrator and contains a similar mass of high explosive.
It has a radius of 0.185 m and an average density of 3, 300 kg m−3 , as shown
in table S.2.
Against this background, a lower bound of rp = 0.14 m is obtained for
the boost-glide penetrator by assuming that it has the same average density as the GBU-57. It is far from clear that such a penetrator could be
successfully developed. An upper bound of rp = 0.185 m is obtained by assuming that the boost-glide penetrator has the same radius as the GBU-28.
In fact, even this upper bound may be slightly optimistic as the greater
speed of the boost-glide penetrator might require it to be thicker than the
GBU-28. The resulting estimate of rp = 0.16 ± 0.02 m and the other characteristics of the hypothetical boost-glide penetrator, which can be evaluated
straightforwardly from mp , rp and Lp , are shown in table S.2.
Using (S.4), the values shown in the table, and the usual techniques for
combining uncertainties, the boost-glide penetrator is estimated to be able
to penetrate more deeply than the Massive Ordnance Penetrator by a factor
of 1.5 ± 0.4. Clearly, the uncertainty is relatively large (which is inevitable
given how many quantities must be estimated). Nonetheless, a boost-glide
penetrator would appear to augment U.S. capabilities.
There are, however, three important caveats to this conclusion. First,
the assumptions underlying it deserve further scrutiny. Second, tunneling
deep into hard rock—far beyond the reach of any plausible conventional
penetrator—is relatively cheap. It is unclear, therefore, how many important
targets are located too deep for the Massive Ordnance Penetrator to destroy
but are shallow enough for a boost-glide penetrator to reach. Third, to
enable the effective use of any penetrating weapon, very accurate intelligence
is needed on the target’s location and layout (unless it is so small that layout
is irrelevant). Detailed information on the composition and structure of
the material in which the target is buried is also required since, in some
media, a penetrator’s trajectory may be curved (especially if it does not
strike the ground perpendicularly).18 These challenges would be more acute
with the use of a boost-glide penetrator compared to the Massive Ordnance
Penetrator, given the former would contain much less high explosive and
hence produce a significantly smaller blast than the latter.

Silo vulnerability
Missiles silos constitute one set of underground targets with accurately
known locations. Indeed, Russian experts and officials have repeatedly expressed concern that their nuclear forces could be vulnerable to American
non-nuclear weapons.19 These concerns are multi-faceted and relate to a
variety of potential weapons, including shaped charges delivered by cruise
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missiles.20 However, Conventional Prompt Global Strike weapons have, particularly in recent months, elicited special concern.21
A relatively detailed description of SS-18 silos in Kazakhstan, dismantled
following the fall of the Soviet Union, is available in a report published by the
U.S. Defense Threat Reduction Agency in 2000. According to this report,
the silo tubes in these structures were 2.95 m in radius and were protected
by a door that was “on the order of one meter” thick and was made mostly
of concrete inside a metal shell.22 Given that penetrating weapons can pass
through much more than 1 m of reinforced concrete, it seems likely that, in
the event of a direct hit on a silo door, a penetrator would pass straight
through and destroy the ICBM inside (although the effect of the door’s
metal shell deserves further study). If the weapon missed the silo door,
however, it might still be able to destroy the ICBM inside by penetrating
into the surrounding structure, exploding and creating a crater large enough
to impinge upon the silo tube.
Modeling this process properly is clearly a difficult exercise, not least
because a silo is a complex, inhomogeneous structure consisting of cement,
metal, backfilled earth and bedrock. However, the problem can be simplified
by focusing on the material immediately adjacent to the silo tube, which is
either mostly cement (to a depth of 7 m) or hard rock (below that).23 Predicting the size of a crater created by a conventional explosion in these
materials is a theoretical challenge. However, some limited but relevant experimental data is available from two conventional cratering experiments,
known as Buckboard and Pre-Schooner, conducted in the 1960s as part of
a broader research effort into peaceful nuclear explosions.24 These experiments suggest that the maximum crater size, Rc∗ , and the optimum depth
of burst, Dc∗ , are related to the yield of the explosion, Y , by
Rc∗ = 45Y 1/3.4

and Dc∗ = 50Y 1/3.4 ,

(S.5)

where Rc∗ and Dc∗ are both measured in meters and Y is measured in kilotons
of TNT.
Assuming that the boost-glide penetrator uses tritonal as its high explosive, which releases about 7% more energy per unit mass than TNT,25 it
would form a crater with radius Rc∗ = 4 m if detonated at a depth Dc∗ = 4 m
(which is well within its reach). For purposes of comparison, the Massive
Ordnance Penetrator would form a larger crater of radius Rc∗ = 8 m if detonated at a depth Dc∗ = 9 m (also well within its reach). If it is further
assumed, somewhat arbitrarily, that this crater must extend 1 m into the
silo tube to ensure destruction of its missile then the kill radius (the distance by which a penetrator can miss the center of the silo tube and still
destroy the missile) is rk = 6 m for the boost-glide penetrator and rk = 10 m
for the Massive Ordnance Penetrator. In turn, the kill probability, pk , is related to rk by
2
2
pk = 1 − e−(rk ln2)/σc ,
(S.6)
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Figure S.1: Plot of kill probability, pk , against circular error probable, σc (in m), for a boost-glide penetrator (dashed line) and the
Massive Ordnance Penetrator (solid line) against an SS-18 silo.
where σc is the incoming weapon’s circular error probable, that is, the radius
of a circle in which the weapon has a 50% chance of landing. Figure S.1
shows a plot of pk against σc for both the boost-glide penetrator and the
Massive Ordnance Penetrator.
Clearly, these calculations are highly approximate. Nonetheless, significant uncertainties in rk notwithstanding, two high-level conclusions can be
drawn. First, it is clear from figure S.1 that, if the Massive Ordnance Penetrator and the boost-glide penetrator have similar accuracies, the former is
more effective at holding silos at the risk than the latter. Second, to credibly
threaten Russian silos, either weapon would need a circular error probable
of a few meters.
Even if these results are confirmed by more accurate calculations, the
extent to which penetrating munitions pose a credible threat to silos is still
a matter for debate. While accuracies of a few meters can be obtained with
GPS guidance under optimum conditions, it could be difficult in wartime
when Russia would presumably try to jam U.S. GPS signals (and the United
States would attempt counter-jamming efforts). It may also be possible to
redesign silos so that incoming penetrators would be deflected away from
the missile or perhaps even ricochet off angled structures on the surface.26
Russia could also try to protect its silos with terminal defenses, raising
questions highlighted above about the survivability of boost-glide weapons
(which would have to slow down from their cruising speeds to deliver pene9

trating munitions) and new questions about the survivability of stealthy aircraft, including the B-2 bomber, which is the only aircraft currently capable
of delivering the Massive Ordnance Penetrator. Moreover, the question of
silo vulnerability does not hinge on purely technical issues; there are also
political judgments to be made. For example, should Russia be concerned
about a “bolt-from-the-blue” conventional first strike in peacetime? If so,
Moscow would have to worry that its defenses were not on alert during a
strike. Also, what does it mean to “credibly” threaten a silo? American and
Russian experts might well disagree over how big a conventional weapon’s
kill probability would need to be for it to create a realistic threat to a silo.
Finally, of course, a successful attack on Russia’s silo-based ICBM force
would achieve very little if the United States could not also eliminate its
other nuclear forces, including mobile ICBMs, SLBMs and heavy bombers.
Given the relatively low alert rate of Russia’s submarines—it does not yet
appear to have resumed continuous deterrent patrols in spite of a plan to
do so27 —coupled to the apparent U.S. lead in anti-submarine warfare, Russia’s road-mobile ICBMs are probably the most survivable component of its
nuclear forces.

Attacking dispersed mobile missiles
Understanding the ability of boost-glide weapons to hold mobile targets at
risk is important in a number of contexts. First, both Russia and China
are concerned, in spite of American protestations to the contrary, that these
weapons could target their nuclear-armed, mobile ballistic missiles.28 Second, the possibility of acquiring CPGS weapons to threaten two types of
non-nuclear Chinese capabilities—its anti-satellite weapons and its antiaccess/area-denial systems—has been raised by high-level officials and in important government documents.29 China’s anti-satellite capabilities include
direct-ascent weapons carried on mobile launchers.30 Its anti-access/areadenial capabilities are designed to hinder U.S. forces from entering the west
Pacific in a conflict and to curtail their freedom of movement within the
theater. These weapons include non-nuclear, mobile ballistic missiles, such
as the land-attack DF-21C and the anti-ship DF-21D. Finally, the United
States has stated explicitly that CPGS weapons could be acquired to target
nuclear-armed ballistic missiles in North Korea and, perhaps in the future,
Iran.31
In general, there are two approaches to attacking a mobile missile: wait
until it is stationary or attack while it is on the move. The latter is certainly preferable but places greater demands on intelligence, surveillance and
reconnaissance and requires that the incoming weapon be able to accept inflight target updates. In either case, there is likely to be some uncertainty
in the location of the target—although this uncertainty is almost certain to
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be greater in the case of a moving missile. This uncertainty is characterized
by the target location error, σt , which can be defined, analogously to the
circular error probable, as the radius of the circle in which the target has a
50% chance of being located. The magnitude of σt depends upon both the
characteristics of the target’s motion and the effectiveness of the attacker’s
intelligence, surveillance and reconnaissance system. However, assuming
that the errors in both the location of the target and the impact point of
the incoming weapon are uncorrelated Gaussian random variables, then the
requirement for the incoming weapon to be effective is
q
rk  σc2 + σt2 ,
(S.7)
where, as before, σc is its circular error probable and rk is its kill radius.
The remainder of this section is devoted to estimating rk for a boost-glide
weapon.
Plans to weaponize the HTV-2 called for it to be armed with a particle
dispersion warhead with a total mass of about 390 kg consisting of 70 kg to
90 kg of high explosive and “several thousand debris particles, each measuring no more than a few centimeters...in diameter.”32 The high explosive in
this kind of weapon is detonated shortly before impact in order to create
an expanding cloud of debris particles. These particles aim to damage the
target through their kinetic energy (the high explosive plays no direct role
in effecting this damage). Changing the height at which the explosive is detonated changes the size of the weapon’s “footprint” on the ground. Clearly,
a large footprint is desirable to mitigate uncertainty about the location of a
mobile target. However, increasing the size of the footprint reduces the density of debris particles, increasing the probability that, even if the weapon’s
footprint overlaps the target, none of them hit it.33 There is, therefore, a
trade-off involved in choosing the size of the footprint.
For a particle dispersion warhead mounted on a boost-glide weapon, the
kinetic energy of the debris particles could be extremely large. For example,
if there were 4, 000 particles in the warhead with a combined mass of 300 kg,
and if the weapon reached the target at “only” 2, 000 ms−1 , then the kinetic
energy of each particle would be 150, 000 J.34 By way of comparison, a
particle with an energy of 20, 000 J is required to inflict heavy damage on an
aircraft.35 An energy of 150, 000 J therefore seems more than sufficient to
penetrate the missile skin and any protective canister, providing it is not too
highly armored (which seems unlikely given the weight constraints imposed
by mobility).
It is assumed here that a ballistic missile can be effectively disabled by
penetrating its motor with even a single debris particle. There are various
possible failure modes. For example, solid-rocket motors can malfunction
if there are cracks or voids in the fuel—precisely the kind of damage that
a debris particle could inflict. Alternatively, the escape of gases through
11

the hole in the casing could cause the missile to tumble out of control, as
occurred during some Minuteman I and II flight tests after a malfunction
caused accidental venting through a cover in the missile casing.36
That said, it is straightforward to generalize the method presented below
to account for a greater damage requirement than a direct hit from at least
one particle. Indeed, it is possible that U.S. requirements might be more
stringent, especially if the target missiles were nuclear-armed. For example,
during the Cold War, U.S. nuclear war plans called for Soviet mobile missiles
to be physically flipped over (although this requirement may have had more
to do with facilitating battle damage assessment than destroying the target
per se).37
The target missile’s motor is modeled here as a cylinder of length a
and diameter b. It is assumed that the particle dispersion weapon, which
contains Np debris particles, produces a circular footprint on the ground
of radius rw . The probability that the missile is hit by at least one debris
particle is denoted by Π (rw , dm ), where dm is the miss distance, that is, the
distance between the center of the missile and the center of the weapon’s
footprint. As shown in figure S.2, the area of overlap between this footprint
and the missile is denoted by Ao (rw , dm , α), where α is the angle between
the long axis of the missile and the line joining the center of the missile to
the center of the weapon footprint.
If the area of the footprint is much bigger than the area of the missile
and if the particles are homogeneously distributed within the footprint then
the number of particles hitting the missile is a Poisson-distributed random
variable. The mean of this distribution, λ (rw , dm ), is given by
λ (rw , dm ) = Np

hAo (rw , dm , α)iα
,
2
πrw

(S.8)

where h...iα denotes an average over α. Assuming that the weapon is equally
likely to miss the missile in every direction, hAo (rw , dm , α)iα is given by
Z 2π
1
hAo (rw , dm , α)iα =
dα Ao (rw , dm , α) .
(S.9)
2π 0
Given the number of particles hitting the missile can be modeled by a Poisson
distribution, the probability that all of them miss is exp [−λ (rw , dm )], from
which it follows that
Π (rw , dm ) = 1 − e−λ(rw ,dm ) .

(S.10)

In general, Π (rw , dm ) must be evaluated numerically. However, it can
be evaluated algebraically in two limits. First, if the miss distance is small
enough that dm ≤ d−
m where
r
a2 b2
−
+ ,
(S.11)
dm = rw −
4
4
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Figure S.2: Schematic diagram of the use of a particle dispersion
weapon to attack a mobile missile. The area highlighted in dark
gray is the area of overlap between the weapon footprint and the
missile, Ao (rw , dm , α). Other quantities are defined in the main
text.
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Figure S.3: Plot of the radius of a particle dispersion weapon’s
footprint, rw (in m), needed to achieve a kill probability of Π(max)
at small miss distances, against the number of particles in the
weapon, Np .
then the missile is entirely contained within the incoming weapon’s footprint for all α and hAo (rw , dm , α)iα = ab. In this case, Π (rw , dm ) takes its
maximum value, denoted as Π(max) , which is given by


Np ab
(max)
Π
= 1 − exp − 2 .
(S.12)
πrw
This result can be used to choose rw to ensure that the density of particles
in the debris cloud is large enough that, when the incoming weapon weapon
misses the target missile by only a small distance, the kill probability reaches
its desired value.
As dm increases beyond d−
m , the target missile is not contained within the
weapon footprint for all α (which is the scenario shown in figure S.2), and
hAo (rw , dm , α)iα and Π (rw , dm ) both decrease. They vanish if the incoming
weapon misses the missile by a distance dm ≥ d+
m where
r
a2 b2
+
+ ,
(S.13)
dm = rw +
4
4
so that its footprint does not overlap with the missile for any α.
As an example, consider attempting to destroy a mobile missile with a
cylindrical motor for which a = 14 m and b = 1.5 m. Figure S.3 shows, for
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three particular values of Π(max) , how the required value of rw varies with
Np . For example, if the particle dispersion weapon contains 4, 000 particles,
and a value of Π(max) = 0.95 is required (which seems appropriate if the
target missile is nuclear armed), then the weapon footprint should have a
radius of 94 m.
For these values, Np = 4, 000 and rw = 94 m, figure S.4 shows how
the kill probability varies with the miss distance, calculated numerically
from (S.10) using Mathamatica. When the miss distance is smaller than
(max) = 0.95.
d−
m = 87 m, the kill probability assumes its maximum value, Π
It then decreases, in a relatively thin band, vanishing when the miss distance
is greater than d+
m = 102 m. The lethal radius of this weapon—defined as
the miss distance at which the kill probability drops to, say, 0.9—can be
seen from the graph to be 92 m, i.e. slightly less than rw .
By way of comparison, if the boost-glide weapon were fitted with an
explosive warhead containing 300 kg of a very energetic explosive (equivalent to, say, 500 kg of TNT), it would produce an overpressure of only 1 psi
(6, 900 N m−2 ) or so at a distance of 90 m.38 An overpressure of this magnitude would probably not be sufficient to disable a mobile missile.39 It
therefore appears that boost-glide weapons would be more effective at attacking mobile missiles if armed with a particle dispersion warhead rather
than an explosive warhead, which may explain why the Pentagon planned to
arm the Conventional Strike Missile with the former. Whether either type
of weapon would be effective in absolute terms depends, however, on both
σc and σt .
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Figure S.4: Plot of the kill probability of a particle dispersion
weapon, Π, against its miss distance, dm (in m). The incoming
weapon contains Np = 4, 000 debris particles and its footprint has
a radius of rw = 94 m. The target missile has a length of a = 14 m
and a diameter of b = 1.5 m. Other quantities are defined in the
main text.
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Appendices
The quantities used in these appendices are defined in the main article (see
the reference in boxed text at the start of this supplement.)

A

Summary of standard derivations

Direct re-entry
The standard solution for the direct entry of a non-lifting RV is useful
for analyzing a boost-glide trajectory if, during the early stages of endoatmospheric flight, the glider is oriented to generate minimal lift in order to
avoid skipping off the atmosphere.40 Numerical simulations of this scenario
indicate that for θ2 > 5◦ , it is a good approximation to treat the path angle
as a constant, that is, θ = θ2 . From this assumption it immediately follows
that the relationship between downrange distance and altitude is given by
h2 − h = (x − x2 ) tan θ2 .

(S.14)

If is further assumed that the drag force acting on the RV is much greater
than gravity then (3) reduces to
dv
ρ0 2 −h/H
=−
v e
.
dt
2βS

(S.15)

Combining this equation with (6) yields the standard result for the variation
of v with h:


Hρ0
v = v2 eδ exp −
e−h/H ,
(S.16)
2βS sinθ2
where δ is a constant given by
δ=

Hρ0
e−h2 /H .
2βS sinθ2

(S.17)

The relationship between altitude and time can be found by combining
(6) and (S.16) to yield a separable first-order differential equation with the
solution:


Z h
Hρ0
1
dh exp
e−h/H .
(S.18)
t − t2 = − δ
2βS sinθ2
v2 e sinθ2 h2
Although this integral does not have a closed form, it can be conveniently
expressed in the form of a power series:
t − t2 =

∞

X
h2 − h
H
δ n  −n(h−h2 )H
+
e
−
1
.
n · n!
v2 eδ sinθ2 v2 eδ sinθ2
n=1

17

(S.19)

It should be noted that if atmospheric drag can be neglected entirely (i.e.
when βs → ∞ or ρ0 = 0) then t − t2 = (h2 − h) /v2 sinθ2 , which is simply
the time taken for an object traveling at speed v2 and path angle θ2 to drop
a distance h2 − h in the absence of gravity.

Equilibrium gliding
Once equilibrium gliding has been established, the glider’s path angle remains close to zero and changes only slowly. This limit was first discussed
in the 1930s and has been explored extensively.41 Under the assumptions
that θ  1 rad, dθ/dt ≈ 0, and g sinθ  dv/dt, the equations of motion
reduce into42
dv
ρ 2
v
(S.20)
=−
dt
2βL
and
v2
ρ L 2
g−
−
v = 0.
(S.21)
re
2βL D
Physically, the second of these equations represents a scenario in which the
weight of the glider is balanced by the combination of lift and centrifugal
“force.” Equilibrium is possible at only one altitude, which is given by


ρ0 re L v 2
h = Hln
.
(S.22)
2βL D ve2 − v 2
Combining (S.20) and (S.21) yields the differential equation


dv
D
v2
= −g
1− 2 ,
dt
L
ve

(S.23)

which has the solution
h
i
D g
exp
−2
(t
−
t
)
− Γ4
4
L ve
v
h
i
=
,
g
ve
exp −2 D
(t
−
t
)
+
Γ
4
4
L ve

(S.24)

where Γ4 = (1 − v4 /ve ) / (1 + v4 /ve ) is a function of the speed of the RV
at the start of the glide phase. Given that when θ is small, v = dx/dt, it
follows that the downrange distance of the glider as a function of time is
given by


L
1 + Γ4
.
h
i
x − x4 = −ve (t − t4 ) + re ln 
(S.25)
D g
D
exp −2
(t − t ) + Γ
L ve

4

4

The path angle can be found from (6), noting that dh/dt = (dh/dv) (dv/dt),
where dv/dt is given by (S.20) and dh/dv can be found from (S.22):
"
  #−1
re L v 2
sin θ = 2
.
(S.26)
H D ve
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Because re  H, the assumption that θ  1 is self-consistent except at low
speeds.
From (S.24), the time at which the glider’s speed vanishes, tmax
, is given
5
by
 
ve L
1
max
.
(S.27)
t5 =
ln
2g D
Γ4
Inserting tmax
into (S.25) yields the expression for the glide range given in
5
(1). This result must be treated with a degree of caution since, at low speeds,
θ becomes significantly different from zero and thus the approximations underlying this model break down. Moreover, the assumption that L/D is
constant is also likely to become increasingly invalid at low speeds. Indeed,
the unphysical behavior of this model at low speeds is most obviously illustrated by the fact that it predicts that, after tmax
, the glider actually
5
reverses direction. Nonetheless, since the glider traverses the vast majority
of its course at hypersonic speeds, (1) should be a reasonable approximation
for the true glide range. In general, however, it is an over-estimate.

Cross-range maneuvering
A glider can maneuver in a transverse direction by banking at an angle
ψ (see figure 5). Under the same assumptions used in the previous subsection, and further assuming that the Earth’s curvature in the Y-direction
can be neglected, it is straightforward to calculate ω (t), the angle between
the glider’s velocity and the X-axis. More complex derivations, under less
restrictive assumptions, are presented elsewhere.43
If vX (t) and vY (t) are the components of the glider’s velocity in the X
and Y directions at time t then tan ω (t) = vY (t) /vX (t). A short time, dt,
later, ω changes to ω + dω where
tan (ω + dω) =

vY + (dvY /dt) dt
.
vX + (dvX /dt) dt

From this expression it follows that


dω
1 dvY
1 dvX
= cos ω sin ω
−
.
dt
vY dt
vX dt

(S.28)

(S.29)

Using Newton’s Second Law, the acceleration of the glider in the X- and
Y-directions is given by
dvX
= −Dcos ω − Lsin ψ sin ω
dt
dvY
m
= Lsin ψ cos ω − Dsin ω.
dt
Substituting these two expressions into (S.29) gives
m

dω
D L
=
sinψ.
dt
mv D
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(S.30)
(S.31)

(S.32)

Finally, writing dω/dt = (dω/dv) (dv/dt), using (S.20) and D = mρv 2 /2βL
gives
dω
1L
=−
sinψ,
(S.33)
dv
vD
which can be integrated to yield (26).

B

Fitting the model to HTV-2 flight test data

Table S.3 lists the known quantities about the A flight and the unknowns
that are to be determined. Using the model set out in table 1, it is possible
to write down 12 equations relating these 12 unknowns. For example, using
(20), the five unknowns, L/D, R, v3 , θ4 , and v4 are related by


L
R gR v3 − v4
θ2 − θ4 =
1+
− 2
.
(S.34)
D
re
v3
v3
Similarly, it follows from (16) that L/D, R, v3 , hi and t3 are related by


D v3 (ti − t3 )
.
(S.35)
Mi vs (hi ) = v3 1 −
L
R
If h is measured in m then vs (h), measured in ms−1 , can be approximated
by44


if 32, 000 ≤ h < 47, 240
0.00175h + 247.1
vs (h) = 329.8
(S.36)
if 47, 240 ≤ h < 51, 110


−0.00172h + 417.7
if 51, 110 ≤ h < 71, 000.
The resulting set of equations can be solved numerically. For this work, the
FindRoot routine in Mathematica was used.
knowns
unknowns

t2 , h2 , v2 , θ2 , ti , Mi , t4 , t5 , h5 , x5 − x2
L/D, R, βL , βS , t3 , h3 , v3 , hi , h4 , v4 , θ4 , v5

Table S.3: Known and unknown quantities for the A flight. The
values of the known quantities are shown in table 2.
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