




Editor's PrefaceThe Report of the American Physical Society Study Group on Boost-Phase Intercept (BPI)Systems for National Missile Defense, appearing in this special issue of Reviews of ModernPhysics, represents an e�ort of the APS that is both normal and extraordinary. The APShas periodically produced reports on matters of public interest that require technical un-derstanding, and for which an impartial and authoritative analysis would be of particularuse to the public and to policy makers. The BPI Study, as it is informally called, representsthe latest in this series of technical studies.The extraordinary part of the e�ort is the extended commitment of time and energy thatthe Study Group applied to its work. Considerable original research was required to exploresome aspects of the issue. Great care was taken to make the study broadly comprehensibleto an audience of non-experts.In view of the procedures for review and approval of an APS Study, the report hasnot been subjected to the usual review process employed for RMP. Instead the Study wasexamined by a Review Committee chaired by James Langer, University of California, SantaBarbara (Chair), and including Thomas Appelquist, Yale University; Will Happer, Prince-ton University; Claire Max, Lawrence Livermore National Laboratory; Burton Richter,Stanford Linear Accelerator Center; and James Tsang, IBM T.J. Watson Research Center.We thank the members of the Review Committee for their helpful and timely critiques.The APS released an earlier version of this report to the press in 2003. That versionappeared on the APS web site and in a limited number of printed copies. This Reviews ofModern Physics version, supported �nancially by the American Physical Society, containscorrections and revisions for clarity with respect to the July 2003 version. There are nomajor changes.The acknowledgments section contains thanks to many individuals and institutions thathave contributed substantially to the report and I add my thanks to them here.Martin BlumeEditor in Chief
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Executive SummaryBoost-phase intercept systems for defending the United States against ballistic missile attackare being actively considered as a major part of a national missile defense strategy. Spendingon such systems by the U.S. Department of Defense is growing, and there is a prospectof much larger expenditures in the future. Boost-phase intercept weapons would seek todisable attacking missiles during the �rst few minutes of 
ight, while the missiles' boostersare still burning and before they have released nuclear, chemical, or biological munitions.The technical aspects and feasibility of such weapons are the subject of this report.In spite of the growing interest in boost-phase intercept systems and the increasing resourcesbeing committed to developing them, little quantitative information about their technicalfeasibility, required performance, and potential advantages and disadvantages is availableto the public. Consequently, the American Physical Society (APS) convened a study groupof physicists and engineers, including individuals with expertise in sensors, missiles, rocketinterceptors, guidance and control, high-powered lasers, and missile-defense-related systems,to assess the technical feasibility of boost-phase intercept systems.The Study Group has based its assessments solely on information found in the open liter-ature about ballistic missiles and missile defense. We have supplemented this informationby our expertise in science and engineering and have con�ned the assessments reportedhere to those that can be made with con�dence by applying the fundamental principles ofrocket propulsion, signal detection and processing, guidance and control, and laser beampropagation. In many instances, as documented throughout this report, we have performedour own analyses to address important issues and to assure ourselves of the validity of ourconclusions.Our main conclusions are the following:1. Boost-phase defense against intercontinental ballistic missiles (ICBMs) hinges onthe burn time of the attacking missile and the speed of the defending interceptorrocket. Defense of the entire United States against liquid-propellant ICBMs, such asthose deployed early by the Soviet Union and the People's Republic of China (China),launched from countries such as the Democratic People's Republic of Korea (NorthKorea) and Iran, may be technically feasible using terrestrial (land-, sea-, or air-based) interceptors. However, the interceptor rockets would have to be substantiallyfaster (and therefore necessarily larger) than those usually proposed in order to reachthe ICBMs in time from international waters or neighboring countries willing to hostthe interceptors. The system would also require the capability to cope with at leastthe simplest of countermeasures.2. Boost-phase defense of the entire United States against solid-propellant ICBMs,which have shorter burn times than liquid-propellant ICBMs, is unlikely to be practicalxxi



xxii Executive Summarywhen all factors are considered, no matter where or how interceptors are based.Even with optimistic assumptions, a terrestrial-based system would require very largeinterceptors with extremely high speeds and accelerations to defeat a solid-propellantICBM launched from even a small country such as North Korea. Even such high-performance interceptors could not defend against solid-propellant ICBMs launchedfrom Iran, because they could not be based close enough to disable the missilesbefore they deployed their munitions.3. If interceptor rockets were based in space, their coverage would not be constrainedby geography, but they would confront the same time constraints and engagementuncertainties as terrestrial-based interceptors. Consequently, their kill vehicles (the�nal homing stage of the interceptors) would have to be similar in size to those ofterrestrial-based interceptors. With the technology we judge could become availablewithin the next 15 years, defending against a single ICBM would require a thousandor more interceptors for a system having the lowest possible mass and providingrealistic decision time. Deploying such a system would require at least a �ve- totenfold increase over current U.S. space-launch rates.4. The Airborne Laser now under development could have some capability against liquid-propellant missiles, but it would be ine�ective against solid-propellant ICBMs, whichare more heat-resistant.5. The existing U.S. Navy Aegis system, using an interceptor rocket similar to theStandard Missile 2, should be capable of defending against short- or medium-rangemissiles launched from ships, barges, or other platforms o� U.S. coasts. However,interceptor rockets would have to be positioned within a few tens of kilometers ofthe launch location of the attacking missile.6. A key problem inherent in boost-phase defense is munitions shortfall: although asuccessful intercept would prevent munitions from reaching their target, it couldcause live nuclear, chemical, or biological munitions to fall on populated areas shortof the target, in the United States or other countries. Timing intercepts accuratelyenough to avoid this problem would be di�cult.The ChargeBoost-phase missile defense systems would disable attacking missiles while their rocket mo-tors are burning by hitting them with an interceptor rocket or a laser beam. For ICBMs,this phase of 
ight typically lasts 3 or 4 minutes. Boost-phase defense has been proposedas a way to avoid the problems faced by midcourse defense systems, which are intended todisable the attacking missile's warheads after they have been deployed. The midcourse ap-proach is complicated by the need to counter multiple warheads, submunitions (\bomblets"),lightweight decoys, and other countermeasures.The Study Group was asked to evaluate boost-phase intercept systems that would de-fend the United States using land-, sea-, air-, or space-based interceptor rockets or anairborne laser now being developed. Space-based laser systems were not included becausethe technology needed for such systems would not be ready within the 10- to 15-year periodconsidered. The Study did not consider the feasibility of the communications, command,control, and battle management that would be required. Nor did it consider policy issues,



Executive Summary xxiiisuch as the arms control, strategic stability, or foreign policy implications of testing ordeploying a boost-phase defense.The FocusDeveloping and deploying a reliable boost-phase missile defense would be a major under-taking likely to require a decade or more to complete. We therefore considered missilesthat might be developed or acquired by North Korea and Iran during the next 10 to 15years. These countries were the focus of the Study because the U.S. government has ex-pressed concern speci�cally about them. According to U.S. intelligence estimates, neither ofthem currently has a credible ICBM capability but they are projected to develop or acquireICBMs within the next 10 to 15 years. The Study Group also considered defense againstICBMs launched from Iraq. With the changed political situation arising from the events ofthe Spring of 2003, an ICBM threat from Iraq appears unlikely for the foreseeable future.We have nevertheless retained the analysis of the Iraq threat in the body of our report, toillustrate the requirements for defending against ICBMs from a country that is intermediatein size between North Korea and Iran.We began by identifying boost-phase intercept systems that could work in principle andthen determined the system performance that would be required to defend the entire UnitedStates, the contiguous 48 states, or only the largest U.S. cities. The attacking missiles wereassumed to be similar to the �rst ICBMs developed 30 to 40 years ago by the United States,the Soviet Union, and China. Both liquid- and solid-propellant missiles were considered,because either type might be developed or acquired within 10 to 15 years and the StudyGroup therefore concluded that it would be imprudent not to consider both in evaluatingthe feasibility of boost-phase defense.Key IssuesHitting the Missile. An important question in boost-phase defense is whether the killvehicle carried by the interceptor could actually hit a long-range missile, given the inherentlyunpredictable acceleration that is normal for an ICBM in powered 
ight and the possibilityof programmed trajectory-shaping or evasive maneuvers. Assuming interceptors can reachthe missile during its boost phase, we �nd no fundamental obstacle to homing on the missileaccurately enough to hit it. To do so, however, the kill vehicle would have to be very agileand would need to carry enough fuel to continue adjusting to the missile's accelerationuntil the moment of impact. We determined that kill vehicles capable of meeting theserequirements would be substantially heavier than those that some have suggested for boost-phase intercept. Our analysis of this agility requirement and its implications for the weightof the interceptor are key new aspects of this study.Time. Time is short for boost-phase defense because ICBMs burn out quickly: inroughly 3 minutes for solid-propellant missiles and 4 minutes for liquid-propellant missiles.But the time actually available is substantially shorter than the duration of the burn. Evensystems with state-of-the-art tracking sensors would require 45 to 65 seconds or longer todetect the launch of a potentially threatening rocket and determine its direction of 
ightwell enough to �re an interceptor (that is, obtain a �ring solution).Additional time must also be allowed for the decision to �re. We have analyzed thedecision times that would be provided by various boost-phase defenses. \Decision time"as used here also includes any additional time required for communication between system



xxiv Executive Summaryelements, estimating the performance characteristics of the attacking missile and its trajec-tory, resolving uncertainties in the performance of the defense system, and other operationalfactors.To be successful, the intercept would have to occur before the missile gives its munitionsthe velocity needed to reach the United States. This velocity could be attained as early as40 seconds before the missile would normally burn out.Due to the potentially similar 
ight pro�les of ICBMs and space launchers, in manycases the defense system would not be able to distinguish a peaceful space launch from anICBM attack. In these cases, the defense would have to shoot at every rocket, unless it hadbeen established as nonthreatening before it was launched.Extending the time for intercept beyond the boost phase into the ascent phase (de�nedhere as the period after the missile's �nal stage has burned out or its thrust has beenterminated but before it has deployed all its munitions and decoys) would not increase theavailable time signi�cantly. The reason is that once the missile's thrust has been terminated,it could deploy its munitions and any decoys or countermeasures quickly, possibly in lessthan a second.With so little time available, interceptors would need to reach high speeds very quickly.Taken together, the short time available for intercept and the size of the kill vehicle neededto hit an unpredictably accelerating ICBM would require large interceptors. In some cases,they would have to be larger and faster than the ICBMs themselves and would have toaccelerate four times more quickly. Such interceptors have never been built and would pushthe state of the art.Range. The useful range of interceptor rockets is restricted by practical limits on rocketspeeds and by the short time available for intercepting the attacking missile. The range ofthe Airborne Laser is also limited, both by constraints on its power and by the distanceits beam can propagate through the atmosphere and remain focused. Consequently, boost-phase defense would be possible using interceptor rockets only if they could be positionedclose enough to the required intercept locations, generally within 400 to 1000 kilometers.Defense would be possible using the Airborne Laser only if it could be stationed within300 to 600 kilometers of the intercept points. The required intercept locations are typicallyhundreds of kilometers downrange from the missile launch site, which would further restrictinterceptor basing options.In general, boost-phase defense using terrestrial (land-, sea-, or air-based) rocket inter-ceptors or the Airborne Laser requires that the missile's 
ight path during its boost phasebe accessible from international waters or from neighboring countries willing to host U.S.interceptors. The feasibility of boost-phase defense therefore depends not only on the per-formance of the attacking missile and the speed of the interceptor, but also on the size ofthe country that launches the missile, the direction of the missile's 
ight, the distance toits target, and the local physical and political geography.Shortfall. If a missile were hit during its boost phase by an interceptor, it wouldprobably lose thrust quickly, but the missile (perhaps in fragments) and its munitions wouldnot fall straight down. Instead they would continue on ballistic trajectories, falling to Earthshort of their target but possibly on populated areas. Thus, unless the missile's munitionswere disabled by the collision|which cannot be assumed because they are loosely coupled tothe missile and hardened to withstand re-entry at hypersonic speeds|a successful interceptcould cause live munitions to fall on populated areas. These areas would not be in theattacking country but might well be in countries friendly to the United States or in theUnited States itself.



Executive Summary xxvThis problem is inherent in boost-phase intercept. Our analysis indicates that it wouldbe extremely di�cult to time intercepts to avoid causing live munitions or debris to hitpopulated areas. This problem would be eliminated if the interceptor could reliably destroythe missile's munitions, but doing so would be much more di�cult than simply disablingthe missile's booster rocket.Space-Based Interceptor Requirements. Boost-phase interceptors �red from orbit-ing satellites could in principle defend the United States against ICBMs launched fromanywhere on Earth. While their coverage would not be constrained by geography, space-based interceptors would have the same time constraints and engagement uncertainties asterrestrial-based interceptors. As a result, their kill vehicles would have to be at least asmassive as the kill vehicles of terrestrial-based interceptors. Because a satellite orbiting atlow altitude spends so little time over a single spot on Earth, many interceptor-carryingsatellites would be needed to defend against even a single missile. The precise number ofsatellites and the total mass that would have to be placed into orbit would depend on thetype of ICBM as well as the speeds, accelerations, and masses of the interceptors and theirkill vehicles, which would in turn depend on the technology available. Based on the technol-ogy that could, in our judgment, be developed within the next 10 to 15 years, we �nd thata thousand or more interceptors would be needed for a system having the lowest possiblemass and providing a realistic decision time. Even so, the total mass that would have tobe orbited would require at least a �ve- to tenfold increase over current U.S. space-launchrates, making such a system impractical.The Airborne Laser's Performance. A laser weapon now in development has alsobeen proposed for boost-phase defense. The Airborne Laser is being developed to disableshort- or medium-range ballistic missiles by illuminating them with a powerful laser beamfrom distances of several hundred kilometers, heating them su�ciently to cause the struc-ture of the missiles to fail. In principle, this weapon could also disable long-range missilesduring their boost phase. Because the laser beam could reach an ICBM within a fractionof a second, its speed is not an issue. However, the range of the Airborne Laser is limitedby the distance its beam can propagate through the atmosphere and remain focused. As-suming that it works as planned, its useful range would be about 600 kilometers againsta typical liquid-propellant ICBM. This range would be su�cient to defend the UnitedStates against such ICBMs launched from North Korea but insu�cient to defend againstsuch missiles launched from Iran, unless the laser could be stationed over the Caspian Seaor Turkmenistan. Because solid-propellant ICBMs are more heat-resistant, the AirborneLaser's ground range against them would be only about 300 kilometers, too short to defendagainst solid-propellant ICBMs from either Iran or North Korea.Countermeasures. While boost-phase intercept would not be susceptible to some ofthe countermeasures to midcourse intercept that have been proposed, there is no reasonto think it would not face any countermeasures. E�ective countermeasures to boost-phaseintercept by interceptor rockets could include launching several ICBMs at nearly the sametime or deploying rocket-propelled decoys and jammers. Furthermore, ICBMs could beprogrammed to 
y evasive maneuvers that might overwhelm the agility and guidance andcontrol capabilities of the interceptor or exhaust its propellant. Shortening the boost phasewould also be an e�ective countermeasure: it would be practically impossible for any in-terceptor rocket to reach an ICBM with a boost phase of 2 minutes or less, even if it werelaunched from a very small country. Countermeasures against the Airborne Laser couldinclude applying ablative coatings or rotating the ICBM to reduce the amount of heat themissile absorbs, launching multiple missiles to overwhelm the Airborne Laser's capabilities,



xxvi Executive Summaryor attacking the aircraft carrying the laser.Defending the United StatesWe considered the e�ectiveness of boost-phase intercept for defending the United Statesagainst ICBMs from the two speci�c countries of concern, North Korea and Iran, usingappropriate physical laws and engineering principles to compute the feasibility of particularintercepts. The results summarized here are based on a series of generally optimistic, speci�cassumptions. For example, we have made optimistic assumptions about the missile detectionand tracking capabilities available to the defense. Moreover, we did not account for manyof the real world factors that would have to be considered to make a realistic assessmentof the capability of such a system. This includes uncertainties about the performance ofthe attacking missile and its trajectory, ignorance of the missile's target, the unpredictablenature of variations in any missile's 
ight, and uncertainties in how quickly an interceptwould terminate an ICBM's thrust. Nor did we account for possible operational delaysin processing and transmitting information. All of these factors would make boost-phaseintercept more di�cult than our simulations suggest. Consequently, our results re
ect thetheoretical possibility of an intercept, but this cannot be equated with certainty.We found that terrestrial-based interceptors that burn out in 40 to 50 seconds and reachspeeds of 6.5 to 10 km/s would generally be required to defend against ICBMs launchedfrom North Korea or Iran depending on the type of ICBM. In many cases, interceptors withsigni�cantly longer burn times are likely to be ine�ective. As noted above, such interceptorswould have to be substantially larger and capable of higher performance than any that haveyet been built or deployed. In a few situations, a 5-km/s interceptor would work againstslow-burning liquid-propellant ICBMs. The time available would be signi�cantly greaterfor very slowly burning liquid-propellant ICBMs having burn times of 5 minutes or longer,but a defense that would work only against such missiles, which would be as slow as theslowest-burning missiles ever built, would risk being ine�ective.North Korea. Defense of all 50 states against typical liquid-propellant ICBMs launchedfrom North Korea would require interceptors with speeds of 6.5 km/s (almost as fast asICBMs) based in Russia or the Sea of Japan and �red within about 40 seconds of obtaininga �ring solution. The intercept locations for most ICBM trajectories from North Koreawould be over China, hundreds of kilometers inside its border. Such interceptors wouldhave ranges as long as ICBMs. Consequently, �ring them toward China to intercept aNorth Korean missile could be mistaken for an attack on China, Russia, or other countries.The Airborne Laser might provide an alternative defense against liquid-propellant ICBMs.To defend against typical solid-propellant ICBMs and provide more than a few secondsof decision time would require interceptors that could reach speeds of about 10 km/s,50 percent faster than a typical ICBM, in one-quarter of the time it would take an ICBMto reach its maximum speed. Such interceptors would push the limits of what would bepractical and should be considered a bounding case. The interceptors would have to bebased in Russia or the Sea of Japan and �red within 30 to 40 seconds after a �ring solutionwas obtained. Such interceptors could be mistaken for o�ensive weapons.Iran. To defend the entire United States against liquid-propellant ICBMs launchedfrom Iran using interceptors based in conventional locations would require basing 10-km/sinterceptors in the Persian Gulf, and even this deployment would provide only about 15 sec-onds of decision time. More decision time would be possible only if interceptors could bebased in unconventional locations, such as Turkmenistan or the land-locked Caspian Sea. A



Executive Summary xxviisystem with 6.5-km/s interceptors based in either of these locations could provide a decisiontime of about 30 seconds.Defense of the entire United States against solid-propellant ICBMs launched from Iranappears impractical; even a system with 10-km/s interceptors based both in the CaspianSea and in Turkmenistan or Afghanistan would provide less than 10 seconds of decisiontime, which is unlikely to be adequate for an operational system.Defending Only a Portion of the United States. We also considered the feasibilityof defending only the contiguous 48 states or only the largest U.S. cities against ICBMslaunched from North Korea or Iran. In most cases, this would be no easier than defendingall 50 states. If, however, a boost-phase defense were not solely responsible for interceptingall missiles from these countries, the required system performance would be less demanding.Interceptors could hit liquid- or solid-propellant missiles launched from these countriestoward some U.S. targets. Such a system could provide a partial defense; for instance, forone U.S. coast but not the other. Coupled with an e�ective midcourse system, a partiallye�ective boost-phase defense could improve protection of some targets by hitting missilesbefore they deploy decoys that could overwhelm the midcourse layer. This possibility,however, depends on the midcourse system's being able to handle the unpredictable debrisgenerated by a boost-phase intercept while engaging the warheads, which most likely wouldsurvive the intercept. Such a capability would be di�cult to achieve.Defending Against Short- or Medium-Range Missiles Launched from O�shore. Mis-siles that could be used for a sea-based attack probably are already available to nations ofconcern to the United States. The Aegis radar system is adequate for tracking such missilesprovided it is within a few tens of kilometers of the missile launch location, and a mis-sile similar to the Navy's Standard Missile 2 is adequate for such an engagement withoutsigni�cant modi�cation.





FindingsThe Study Group analyzed boost-phase defense against liquid-propellant ICBMs, whichthe United States may face initially, and against solid-propellant ICBMs, which the nationmay face later. The basic parameters of systems that could counter these threats in avariety of geographical situations were identi�ed. In the course of analyzing these systems,the Study Group identi�ed many signi�cant limitations to boost-phase intercept, especiallywhen confronting solid-propellant ICBMs. However, it made no judgment as to whetherany or all of these limitations would rule out deployment of such systems on operational,political, or economic grounds. The analysis in the main body of this report supports thefollowing �ndings. A number (or letter) in parentheses indicates the relevant chapter (orappendix), section, or subsection of the supporting material.1. Intercepting missiles during their boost phase presents major challenges not facedby midcourse-intercept systems.� Midcourse systems have 20 to 25 minutes to observe and intercept threateningwarheads (A.2); boost-phase intercept systems could have 4 minutes or less todetect, track, and intercept potentially threatening missiles (4.4, 5.4{5.6, 10.4, 15).� In midcourse 
ight, the trajectory of a warhead is ballistic and highly predictable(B); in powered 
ight, the trajectory of a missile is inherently unpredictable. Thisunpredictability results from uncertainty about the intended target, the e�ects of themissile's maneuvers to manage its energy, shape its trajectory, or evade intercept,and its unpredictable thrust variations (4, 12.4, 15.2).2. The e�ective ranges of boost-phase hit-to-kill interceptors, whether land-, sea-, air-,or space-based, are limited by the short duration of ICBM boost phases and practicallimits on interceptor 
y-out velocities. The range of the Airborne Laser is limitedprimarily by the distance its beam can propagate through the atmosphere whileremaining focused, and to a lesser extent on its power.These limitations have the following consequences:� In a hit-to-kill boost-phase defense, the time remaining after an interceptor is �redis so short|less than 170 seconds for a liquid-propellant threat missile and less than120 seconds for a solid-propellant threat missile|that the defense could �re onlyonce, either a single interceptor or a salvo of interceptors �red virtually simulta-neously. There would be no opportunity to recover from a mis�re or failure of anintercept attempt (5.4{5.6).� Boost-phase defense with interceptor rockets would be possible only if the rocketscould be positioned close to the intended intercept point. The intercept point isxxix



xxx Findingstypically 400 to 500 kilometers from the missile launch point. The interceptorstypically must travel at least 500 kilometers from the interceptor base to reach theintercept point (5.4{5.6).� Terrestrial-based boost-phase defense|both by interceptors and airborne lasers|also depends on the size of the country that launches the missile, the direction ofthe missile's 
ight, the distance to its target, and access to areas adjacent to thatcountry, determined by local physical and political geography (5).� Boost-phase defense using terrestrial-based interceptors could not defend the UnitedStates against accidental or unauthorized launches of ICBMs from the interiors oflarge countries such as Russia or China (5).3. The large and unpredictable variations of ICBM boost-phase trajectories and theshort time available for engaging them drive the requirements for any boost-phasekinetic kill interceptor.Factors contributing to uncertainties in the intercept point include:� Random and systematic errors in the defense detection and tracking system's mea-surement of position and velocity and estimate of acceleration of the attackingmissile (10.1.4, 12.3.1).� Lack of knowledge of the missile's target (15.2).� Normal or induced thrust-time variations of the threat booster (15.2).� Intentional trajectory shaping, including lofting or depressing the trajectory andmaneuvering to manage energy (15.2).� Intentional evasive maneuvers, such as dog-legs or other maneuvers (12.4).� Lack of knowledge of the potential type or characteristics of the threat (3.3).� Uncertainties in the method and times at which the missiles' warheads or submu-nitions would be deployed (15.2, A.2.2).These uncertainties reduce the time available for the engagement and require kill-vehiclemaneuver velocity and acceleration substantially greater than is generally recognized.These e�ects are discussed in Chapters 5 and 12.4. The only way a boost-phase defense can assure that lethal warheads will not strikea defended area is to disable the attacking missile before the earliest time it canachieve the velocity needed to carry its munitions to that area, because the defensedoes not know the particular target. This time is uncertain because the missile may
y various trajectories and execute a variety of maneuvers to manage its energy orevade the defense (4.1, 5.1.3, 5.2.1, A.2).5. A robust boost-phase defense against ICBMs would require modern space-basedsensors to detect launches and provide initial tracking information needed to launchinterceptors. Even so, it would take at least 45 to 65 seconds to detect the launch ofan ICBM and establish a track of its trajectory accurate enough to launch an inter-ceptor. Such sensors would also be needed to provide continually updated trackinginformation to the interceptors as they 
y to the target. A system such as thehigh-altitude Space-Based Infrared System (SBIRS-High) now under development



Findings xxxicould perform these functions if the boost-phase defense requirement is included inits design (10.4).� While radars with su�cient sensitivity exist, for early detection and initial track-ing, horizon limitations, clutter problems, and geographic constraints that requirestand-o� distances greater than 300 km would preclude their use. Consequently,a modern space-based missile warning and tracking system, such as the plannedSBIRS-High system, would be needed in order to achieve the earliest detection andinitial tracking (10.4). The existing Defense Support Program (DSP) system couldprovide launch detection and initial tracking, but it would take 30 seconds longerto obtain a �ring solution than a system such as SBIRS-High (10.4). ConsequentlyDSP would be useful only against slow missiles, and only if the fastest interceptorswere used (5.9.2).� Additional time margin would be required to allow for the decision to �re and anyother intentional or system delays. We use the term \decision time" to encompassany time required beyond the zero decision time case (5.1.3).6. While boost-phase defense against slow-burning liquid-propellant ICBMs not em-ploying countermeasures appears technically feasible in principle for some geographicscenarios, the much shorter burn times typical of solid-propellant ICBMs using even40-year-old technology call into question the fundamental feasibility of boost-phaseintercept of such threats at useful ranges|no matter where or how the interceptorsare based|even with very optimistic assumptions about detection and track times(5.3, 6.11).� While liquid-propellant ICBMs typically have powered 
ight times of 4 minutes ormore, solid-propellant missiles typically have three boost stages that burn a totalof 3 minutes or less (3.4). This di�erence is crucial.� No matter where or how they are based, interceptors would typically have to travel500 kilometers or more in about two minutes to reach solid-propellant ICBMs be-fore they have achieved the velocity required to deliver their payloads to the UnitedStates (5.3{5.6). This would require interceptors with extremely high 
yout veloc-ities (in excess of orbital velocities and as high as 10 km/s) and very high acceler-ations. Such interceptors would push the state of the art and may not be feasible.� By comparison, against liquid-propellant ICBMs, small two-stage terrestrial-basedinterceptors having modest burnout velocities of only about 5 km/s, such as thelargest-sized interceptor that could meet the constraints of the Aegis cruiser verticallaunchers or deployment by bombers, could marginally engage threats at about 500kilometers (5.3). Interceptors having velocities similar to those of ICBMs wouldprovide greater decision time and range for this case but still could not engagesolid-propellant ICBMs.7. Based on unclassi�ed summaries of U.S. intelligence estimates, the Study Groupconcluded that countries of concern might acquire or develop solid-propellant ICBMswithin the next 10{15 years and that it would be imprudent not to consider them inevaluating the feasibility of boost-phase defense systems (3.4).� Proliferation of solid-propellant technology has been rapid (3.3).



xxxii Findings� A boost-phase defense would create incentives to develop or acquire solid-propellantICBMs (3.4).� Boost-phase defenses not able to defend against solid-propellant ICBMs risk beingobsolete when deployed.8. The time constraints imposed on any boost-phase defense system by the short du-ration of ICBM boost phases would pose signi�cant real-time decision issues.� In most situations, interceptors would have to be �red within a few seconds aftercon�rmation of the launch of a large rocket to intercept it in time to defend theUnited States (5.3). The decision to �re interceptors would have to be almostautomatic (5.3{5.6).� Because of the potentially similar 
ight pro�les of ICBMs and space launchers, inmany cases the defense system would have di�culty distinguishing a space launchfrom an ICBM attack. In these cases, the defense would have to shoot at everyrocket, unless it had been identi�ed as non-threatening before it was launched (10.4).9. Despite the variations and uncertainties inherent in the boost-phase trajectories ofICBMs, our analysis indicates that a kill vehicle incorporating current sensor andguidance technology could home on ICBMs in powered 
ight with a precision com-patible with direct hit-to-kill requirements, assuming the kill vehicle's booster couldplace it on a trajectory that would take it within homing range of the ICBM. Thekill vehicle would also have to meet certain critical performance requirements.Critical kill-vehicle performance requirements include:� Capacity to shift from guiding on the rocket's exhaust plume to guiding on therocket body. The Study Group believes this requirement in particular requiresmore investigation (10.4).� Ability to acquire and track the rocket body within the plume at ranges of at least200 kilometers and with su�cient precision, using sensors on board the kill vehicle(12.3).� Su�cient kill-vehicle acceleration (7{8 g initially and 15 g in the end game), velocityfor maneuvering (2 km/s for terrestrial-based and 2.5 km/s for space-based killvehicles), and guidance system response (0.1 second or less) (12.5).These requirements would result in kill vehicles with masses substantially greater thanis generally appreciated. In our judgment, kill vehicles using technology that wouldbe available in the next few years would have masses on the order of 90 kilograms to140 kilograms: 90 kilograms for the total divert velocities of 2 km/s that would berequired for most ground- and air-based interceptors and roughly 140 kilograms for 2.5-km/s divert velocities that would be appropriate for space-based interceptors and thefastest ground-based interceptors (14.4).10. Although a successful intercept would prevent munitions from reaching their target,live nuclear, chemical, or biological munitions could fall on populated areas shortof the target, in the United States or other countries. This problem of shortfall isinherent in boost-phase missile defense.



Findings xxxiii� Warheads and submunitions are loosely coupled to the �nal stage of the ICBM andcannot be assumed to be destroyed by an intercept that destroys or disables theICBM booster, as borne out by numerous destruct events during 
ight tests (13.1).� After an intercept, the munitions and debris will continue on a ballistic trajectory,albeit one that is shorter than intended by the attacker (5.8).� The warheads or munitions and debris of an intercepted missile will not fall on thecountry that launched it (5.8).� Preventing warheads or submunitions and debris of intercepted missiles from hittingthe territory of U.S. friends and allies would sometimes require the defense to inter-cept missiles within a time window as small as 5 to 10 seconds, greatly complicatingthe already daunting intercept management problem (5.8.1).� Given the unpredictable variations in trajectories and thrust that characterizeICBMs in powered 
ight, it is not clear that the intercept can be timed to occurwithin the narrow window required (5.8.2).The problem of controlling shortfall could be avoided if the boost-phase defense systemcould destroy the missile's warheads or submunitions during boost, rather than simplydisabling the booster. This is a much more di�cult task, and it has not been establishedthat it can be accomplished (13).11. Airborne interceptors o�er some unique advantages for boost-phase defense, butthey also have signi�cant limitations in defending against ICBMs. They could be de-ployed more quickly than land- or sea-based interceptors in response to new threats,but several backup aircraft equipped with interceptors, as well as refueling aircraftand defensive air cover, would be required for every airborne-interceptor aircraft onstation (16.5.3).� An interceptor of any given size has a slightly greater range if launched from a high-altitude platform, because it uses less energy to overcome gravity and aerodynamicdrag as it 
ies out toward its target. However, the constraints on the size and weightof missiles that an aircraft can carry limit the 
yout velocity of high-accelerationairborne interceptors to about 5 km/s (16.5.3).� Because of their limited 
yout velocity, airborne interceptors could engage ICBMsonly in situations comparable to the situations in which a 5 km/s surface-basedinterceptor could engage them. Consequently, using airborne interceptors to defendthe United States against long-burning liquid-propellant ICBMs would be possi-ble only if the required intercept locations are within about 500 kilometers of theinterceptor-carrying aircraft (5.5.1).12. A constellation of space-based interceptors (SBIs) could, in principle, overcome thegeographic limitations of terrestrial-based interceptors and intercept ICBMs launchedfrom much of the Earth's surface. However, they would be subject to range and timeconstraints similar to those that constrain terrestrial-based systems. Consequentlyachieving reasonable coverage between latitudes 30 degrees and 45 degrees Northwould come at a very high cost.� Because a satellite in low-Earth orbit spends so little time over a single spot onEarth, a system having the minimum mass-in-orbit and providing a realistic time



xxxiv Findingsto construct a �ring solution would require a thousand or more interceptors tointercept even a single liquid-propellant ICBM 5 seconds before it burns out (6.6).1� The SBI kill vehicles would be similar to those of terrestrial-based interceptors.Because of the high closing velocities of SBI engagements, space-based kill vehicleswould require divert velocities of about 2.5 km/s (14.1). Such a kill vehicle wouldhave a mass of roughly 140 kilograms (6.11, 14.4). We estimate that an interceptorthat combined the kill vehicle with a two-stage booster to impart the required 
youtvelocity of 4 km/s in 30 to 40 seconds would have a mass, including its on-orbitsupport systems, of about 1200 kilograms (6.11).� To intercept a solid-propellant ICBM launched from North Korea or Iran 5 secondsbefore burnout, at least 1600 interceptors would be required for a system havingthe lowest possible on-orbit mass and providing an optimistically short time toconstruct a �ring solution (6.11). Such a system would have a mass in orbit of atleast 2000 tonnes. To deploy it would require at least a �ve- to ten-fold increase inthe current annual U.S. launch capacity.� In practice, more interceptors and mass would be required in orbit because solid-propellant ICBMs launched from North Korea or Iran would usually have to beintercepted before 5 seconds prior to their burnout. The number of interceptorswould also increase if the system were designed to assure that two interceptors couldbe �red against each ICBM, provide more decision time, or have the capability todefend against ICBMs launched nearly simultaneously from closely spaced launchsites (6.6, 6.11).� Defending against a liquid-propellant ICBM would cut the number of interceptorsrequired to about 700, with a corresponding reduction in the mass of the system,because such missiles burn much longer (15.2.1). However, a system designed tocounter only liquid-propellant ICBMs could become obsolete quickly, given the timethat would be required to develop and deploy an SBI system (Finding 15), theincentives it would create for emerging missile states to build or procure solid-propellant missiles, and the rate at which solid-propellant technology is proliferating(3.4.2).13. Although boost-phase missile defense systems using hit-to-kill interceptors couldavoid some of the countermeasures to midcourse intercept that have been proposed,there are e�ective countermeasures to such boost-phase systems. Many of themhave been demonstrated in past U.S. programs for other purposes (5, 9, 12, 15).� Shortening the boost phase of ICBMs. Switching from liquid-propellant to typicalsolid-propellant ICBMs would cut the boost phase by a minute or more (Finding 6).Boost phases as short as 130 seconds are certainly possible; such missiles would bepractically impossible to intercept (5.1.1).� Maneuvering the ICBM (15.2).� Fractionating the payload during �nal-stage boost (9.1.2, 9.1.5).1Interceptors in low-Earth orbits revolve around Earth at high speeds while the Earth rotates beneaththem. As a result, at any instant almost all the interceptors in a space-based system would be too far awayto engage a rocket from any particular launch site. A constellation of a thousand or more interceptors wouldtherefore be required to ensure that at least one would always be within range of a hostile launch.



Findings xxxv� Deploying small, rocket-propelled decoys from the missile designed to mask or mimicthe radar and electro-optical characteristics of the booster (9.1.3).� Launching multiple missiles within a short time. Launching tactical ballistic missilesbefore launching ICBMs could exhaust the defense's supply of interceptors (9.1.6).14. The Airborne Laser (ABL) has been designed to intercept theater ballistic missilesand is scheduled to achieve initial operational capability in about 10 years. It couldo�er some capability for intercepting ICBMs, but would have less range than largeground-based hit-to-kill interceptors. ABL aircraft could be rapidly deployed, butseveral ABL aircraft, as well as tanker support aircraft and defensive air cover, wouldbe required to maintain one ABL aircraft continuously on station. While the ABLhas some self-defense capability, without supporting tactical air cover ABL aircraftwould be vulnerable to attack by enemy aircraft or surface-to-air missiles.� Performance requirements for the ABL are driven largely by the construction ma-terials of the missile and the distance to the target missile|engagement time anduncertainty about the target's trajectory are not issues (21).� The laser 
uence needed to disable ICBMs is currently rather uncertain, making itdi�cult to estimate accurately the ABL's range if used against ICBMs. The ABL'srange is expected to be roughly similar to that of the modest-sized interceptorsthat could be carried by aircraft (21.5). If so, it could engage only long-burningliquid-propellant ICBMs launched from geographically small, accessible countries(8.3{8.5).� Defense would be possible using the ABL only if it can be stationed within 600 kilo-meters of the intercept point of a liquid-propellant missile or within 300 kilometersof the intercept point of a solid-propellant missile. The ABL's laser beam wouldhave to heat an ICBM for several seconds to disable it; hence ABL engagementswould have to be timed to avoid the brief periods during which one stage burns outand is discarded as the next ignites (8.7).� The ABL would have substantial ability to defend the U.S. against liquid-propellantICBMs launched from North Korea; however, it would have no utility in defendingthe U.S. against these missiles launched from geographically large, less-vulnerablecountries such as Iran. Because of the greater heat resistance of solid-propellantmissiles, the ABL could not defend against these missiles launched from either NorthKorea or Iran. (8.3{8.5).� The ABL could not disable nuclear warheads or biological or chemical submunitionsthat have been hardened to survive re-entry at ICBM speeds (20.1).15. Few of the components that would be required for early deployment (i.e., within5 years) of a boost-phase defense currently exist. Moreover, we see no means fordeploying an e�ective boost-phase defense against ICBMs within 10 years. Severalkey components are lacking and are unlikely to be developed in much less than adecade.� Large, high-acceleration interceptors (5, 16) having the physical characteristics andperformance that would be needed for a surface-based boost-phase intercept systemhave never been built. To counter short- or medium-range missiles launched from



xxxvi Findingsplatforms o� U.S. coasts a missile similar to the U.S. Navy's StandardMissile 2 couldbe used (5.7.1). We know of no other booster in existence or under developmentthat o�ers any utility for boost-phase intercept of ICBMs.� No kill vehicle currently under development has the acceleration and maneuverabil-ity required for ICBM boost-phase intercept (11.6, 12.5).� While radars with su�cient sensitivity exist, such as the THAAD ground-basedradar and the Aegis AN/SPY-1 radar, their horizon limitations and geographi-cal constraints would require space-based infrared sensors for detection and initialtracking of threatening missiles (10.2). If SBIRS-High were available and had suf-�cient capability, it could perform this function (10.4); however, recent reportsindicate that SBIRS-High is unlikely to be deployed before 2010 (10.1.2).� The ABL is currently not expected to be ready for deployment against theaterballistic missiles before 2012 (18.3). Testing and evaluation of the ABL againstICBMs probably would not occur until after it has been tested for its intendedmission, intercepting theater ballistic missiles.� Given the U.S. space launch capability and the high cost of putting mass in orbit,space-based intercept is not practical because small, lightweight sensors, intercep-tors, and kill vehicles are not currently available (6.11).16. Much of the public discussion of missile defense has focused on ICBM attacks,but the threat posed by existing short- or medium-range tactical ballistic missileslaunched from ships or other platforms positioned o� U.S. coasts is more immediate.It appears that a missile similar to the existing U.S. Navy Aegis Standard Missile 2could engage short- or medium-range ballistic missiles launched from sea platformswithout signi�cant modi�cation, provided that the Aegis ship is within a few tens ofkilometers of the launch platform (5.7.1).� According to the U.S. intelligence community, launching short- or medium-rangeballistic missiles from platforms a few hundred kilometers o� U.S. coasts wouldbe much less demanding technologically than launching ICBMs. The missiles thatwould be needed for such an attack are already available (A.1).� Many of the challenges that make ICBM defense di�cult|such as geographic con-straints that prevent the defense from positioning interceptors close to the missile'sboost trajectory, delays in detecting and tracking the target missile, uncertaintiesabout the exact target, and the problem of controlling shortfall|are absent whenthe threatening missile is launched from a ship near the United States.� The Airborne Laser might also be able to counter this threat, but the Study Groupdid not analyze this possibility.17. In our view, there are many issues for a boost-phase intercept system that requirefurther study before the true capabilities and deployment timelines of boost-phasemissile defense can be determined.These issues include:� The communications, command, and control networks and systems that would berequired for a boost-phase intercept system to function with the reliability required



Findings xxxviiunder the extreme time pressures that a defense system would face, particularlyone using space-based interceptors.� The capability for transferring the interceptor's guidance from tracking the mis-sile's luminous plume to tracking the missile itself (\plume-to-hardbody handover")(10.4). This task is technically challenging and not well understood. More realisticmodeling, testing, and evaluation would be required to demonstrate that it can bedone reliably under all engagement conditions.� The e�ects on liquid- and solid-propellant boosters of a body-to-body collision witha kill vehicle need more extensive modeling and realistic testing (13).� The realistic capabilities that would be needed to deploy, maintain, and control aspace-based system must be understood before an informed decision can be madeabout the feasibility of such a concept. Given the extreme sensitivity of systemcosts to changes in the mass of space-based interceptors, a careful assessment of thee�ects of countermeasures should be included (6).� The lethality of the ABL when used against ICBMs, especially solid-propellantICBMs. Further modeling and realistic testing are needed under the wide rangeof conditions that would be encountered in intercepting ICBMs during their boostphase (20).Concluding remarksIn assessing the feasibility of boost-phase missile defense using hit-to-kill interceptors orthe ABL, we attempted to make optimistic assumptions to bound the performance of suchsystems. In some cases we made assumptions that appear technically possible but maynot be realistic on other grounds. An important example is the assumption in some of ouranalyses that interceptors could be �red as soon as a target track has been constructed,without allowing additional time for decision or assessment. In other cases we simplyexamined the performance that would be required to make the system workable, withoutmaking any judgment about whether such components could realistically be deployed. Anexample of this kind is our consideration of an interceptor capable of reaching a 
youtvelocity 40 percent higher than an ICBM's velocity in only 45 seconds. Consequently,with those optimistic assumptions our results re
ect the theoretical possibility, rather thanthe certainty, of an intercept. Real-world factors would make boost-phase intercept moredi�cult than our results suggest. Moreover, the choices made in this study were used toobtain upper bounds on performance; their use does not necessarily imply that the StudyGroup judged these choices to be realistic.Given the results that follow from our assumptions, we conclude that while the boostphase technologies we studied are potentially capable of defending the United States againstliquid-propellant ICBMs in certain geographic scenarios, at least in the absence of counter-measures, when all factors are considered none of the boost-phase defense concepts studiedis likely to be viable for the foreseeable future to defend the 50 states against even �rst-generation solid-propellant ICBMs (5, 6.11, 8.6).
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1.1 Boost-Phase InterceptBoost-phase intercept systems for defending the United States against ballistic missile attackare the focus of increasing public discussion [1, 2, 3, 4, 5], and Department of Defensespending on such systems is growing, with the prospect of much larger expenditures in thefuture. 1 Boost-phase weapons would seek to destroy attacking missiles while their boostersare still burning and before they have released nuclear, chemical, or biological munitions.The technical aspects and feasibility of such weapons are the subject of this report.For more than four decades, the United States has invested substantial resources indeveloping anti-ballistic missile systems [7]. During most of this period, the focus of thee�ort was on developing weapons and systems that could defend against the thousandsof intercontinental ballistic missiles (ICBMs) �elded by the Soviet Union. In response tothe end of the Cold War and other changes in the international situation, the emphasis ofthe U.S. program to defend against long-range missiles shifted �rst to systems that couldcounter accidental or unauthorized launches of a few ballistic missiles against the UnitedStates and, more recently, to systems that could counter missiles that might be deployedby countries that have missile development programs and with which the nation does notcurrently have friendly relations.The U.S. intelligence community has identi�ed several countries of concern that aredeveloping long-range missiles [8, 9]. Although the intelligence community judges that U.S.territory is currently more likely to be attacked by nuclear, chemical, and biological weapons1The budget request for boost-phase intercept systems for FY 04{FY 05 is $12.6 billion [6].S1



S2 Introduction to the Reportdelivered by means other than missiles, it is the assessment of most of the intelligencecommunity that the United States is likely to face ICBM threats from some of the countriesof concern during the next 15 years [8, 9]. The growing sale and transfer of ballistic-missile-related technologies, materials, and expertise has generated concern that some unfriendlycountries might be able to deploy full-range ICBMs, including solid-propellant ICBMs, withlittle warning [10, 11]. The U.S. intelligence community has judged that several countries ofconcern are technically capable of developing within the next decade the ability to launchshort- or medium-range ballistic missiles against coastal regions of the United States fromships or other platforms positioned hundreds of kilometers o�shore [12, 13, 14]. To counterthese potential threats, the United States is actively pursuing a variety of missile defenseoptions.The principal focus of the nation's current national missile defense program is onweapons that would destroy warheads after they have been launched by ICBMs but be-fore they re-enter the atmosphere.2 During this so-called midcourse phase of 
ight, whichlasts approximately 25 minutes, warheads follow predictable ballistic trajectories outsideEarth's atmosphere. Using ground-based interceptors located at only a few sites, a mid-course intercept system potentially could defend the United States from missiles launchedfrom almost anywhere on Earth.Midcourse-intercept systems, however, must contend with two challenges. A single mis-sile could launch multiple warheads or even dozens of chemical or biological submunitions,thereby overwhelming the defense. In addition, many argue that the system could bedefeated by countermeasures and penetration aids, including large numbers of lightweightdecoys that would be di�cult to discern from real warheads outside the atmosphere [15, 16].For a contrary view, see [17].The di�culty of meeting these challenges has led to growing advocacy of boost-phaseintercept as a possible alternative [18, 19, 20]. Boost-phase systems potentially o�er threeimportant advantages: the possibility of destroying missiles before they can deploy multiplewarheads or submunitions, the presumed di�culty of developing countermeasures, and theease of tracking the bright exhaust plumes of ICBMs in powered 
ight. A boost-phasedefense that used surface- or air-based interceptors or the Airborne Laser (ABL) wouldalso be attractive, some argue, because their limited ranges would not threaten Russian orChinese land-based nuclear missile forces. Space-based boost-phase weapons have also beenproposed as the �rst layer in a layered defense system [21, 22, 23].The boost phase of an ICBM typically lasts no more than 3 or 4 minutes. Consequently,even fast interceptor missiles would have to be �red from bases close to anticipated ICBMintercept points [24]. Therefore, surface- and air-based interceptors would be capable ofcountering only those missiles launched from countries that are su�ciently small geograph-ically, and on boost-phase 
ight paths that are within range of interceptors stationed ininternational waters or in neighboring countries willing to host them. The Airborne Laseris similarly constrained because of its own engagement range limitations.2We use the phrase \national missile defense" to indicate a defense system intended to defend the nationalterritory of the United States rather than, for example, U.S. allies or troops based outside the United States,because it describes the goal of such a defense concisely. We note, however, that the present administrationno longer uses this terminology.



1.2. The American Physical Society Call for the Study S31.2 The American Physical Society Call for the StudyIn spite of the government's growing interest in boost-phase intercept systems and theresources being committed to developing them, little quantitative information on the tech-nical feasibility, required performance, and potential advantages and disadvantages of suchsystems is available to the public. To increase public understanding of these matters, theAmerican Physical Society convened a study group of physicists and engineers, includingindividuals with expertise in sensors, missiles, rocket interceptors, guidance and control,high-powered lasers, and missile-defense-related systems, to assess the technical feasibilityof boost-phase intercept systems.Many of the key questions concerning the technical feasibility and required performanceof boost-phase intercept systems can be answered by considering basic physics and engi-neering principles. The American Physical Society therefore asked the Study Group toproduce an unclassi�ed report based on publicly available information. The intention wasto provide the membership of the Society, other scientists and engineers, policy makers, andthe public with basic information about the science and technology of boost-phase inter-cept systems. The American Physical Society hopes that this report, which describes thetechnologies and technical requirements of these systems, their advantages and limitations,and the technological challenges in developing and deploying them, will help in evaluatingproposals to build such systems.1.3 Scope of the StudyThe Study Group was asked to consider primarily boost-phase intercept systems that coulddefend the United States from attack by ballistic missiles of intercontinental range. Inparticular, the Study Group was asked to evaluate the potential of systems using terrestrial-based or space-based hit-to-kill rocket interceptors, or the ABL, for this purpose. Space-based laser systems were not considered because the technology that would be requiredfor such systems is at a much earlier stage of development. We also considered brie
y thefeasibility of defending against attacks by ship-based ballistic missiles launched o� U.S.coasts using short-range interceptor rockets. The Study focused on technology that could,in principle, begin to be deployed in about 10 years.1.4 Issues Not AddressedA number of important technical issues were identi�ed but not analyzed in detail, eitherbecause the necessary information was not available to us or because they lay outside thescope of the Study. These include the feasibility of building and deploying long-range,high-acceleration interceptors; the beam quality and certain other performance character-istics of the ABL; the e�ectiveness of kinetic-energy weapons or laser beams in disablingboosters, warheads, and submunitions; communications, command, control and battle man-agement; survivability; and system complexity. Nor did the Study consider nuclear-tippedinterceptors for boost-phase defense, or midcourse or terminal intercept systems.Finally, the Study did not consider policy issues, such as the economic, arms control,strategic stability, or foreign policy implications of developing, testing, or deploying boost-phase intercept weapons [25, 26, 27, 28].



S4 Introduction to the Report1.5 The Varieties of Boost-Phase Intercept SystemsThe Study examined systems that would use interceptor missiles based either on land, onships at sea, on aircraft, or on satellites in space. Small interceptors could be carried bysatellites in low-Earth orbits. Somewhat larger interceptors could be carried by large aircraftor bombers. Still larger interceptors could be based on ships or on land. The range of aninterceptor is limited by the highest speed that is technically feasible and the time availableto complete the intercept. Systems that utilize surface- or air-based interceptors couldpotentially defend against missiles launched from limited geographical areas. In contrast,a space-based system could in principle defend against missiles launched from anywhere onEarth. However, due to Earth's rotation and the motions of orbiting satellites, a system ofthousands of satellites armed with interceptors would be required to defend against missileslaunched from a single launch site.The Study also considered the Airborne Laser, which was originally planned as a weaponfor theater missile defense but is now also being considered for national missile defense. Ituses a high-powered chemical laser beam. Mirrors direct the beam toward the target missile.The beam travels at the speed of light and would therefore reach the target in a fraction ofa second. Such a beam could potentially disable a missile in powered 
ight by heating itsbody long enough (at least several seconds) to cause structural failure. The e�ectivenessof the ABL against ICBMs would depend on the power and quality of its beam and thedegree to which the beam could be focused on the target in the presence of the atmosphericturbulence at the altitudes at which it would operate.1.6 Requirements for SuccessIn a boost-phase intercept, the largest and most fragile targets are the ICBM's boost stages.Moreover, a boost stage that is burning produces a bright exhaust plume that is easilyspotted by sensors in orbit or on the interceptor, although the interceptor must eventuallyhome on the body of the booster and not its plume. If a burning boost stage were hit byan interceptor, it would quickly lose thrust, but the collision would not necessarily disableall the missile's munitions, and the missile (perhaps in fragments) and its munitions wouldnot fall straight down. Instead, they would continue on ballistic trajectories, falling toEarth short of the intended target. Consequently, to ensure that a missile's munitions donot strike the United States, a boost-phase defense must disable the missile before it hasreached a speed su�cient to carry its munitions to the United States. Later interceptionmay be too late, because the munitions may have already separated from the missile. Thesystem would then have to contend with the problems of a midcourse intercept.Unless the boost-phase intercept system is able to destroy the missile's munitions, theywill strike somewhere outside the boundaries of the country that launched the missile. Con-sequently, an intercept could cause live nuclear warheads or biological or chemical munitionsto fall on populated areas of the United States or other countries. This risk is inherent inboost-phase defense.1.7 ChallengesThe greatest challenge for a boost-phase defense system is the very short time within whichthe intercept must be completed. The boost-phase of a liquid-propellant ICBM typicallylasts about 4 minutes. (Five-minute burn time missiles are also considered, though these



1.8. A Guide to the Report S5are regarded as a less likely threat.) The shorter duration of the boost phases of solid-propellant ICBMs|typically about 3 minutes|is even more daunting. The narrow timewindow dominates every aspect of boost-phase intercept, driving the required performanceof the detection and tracking systems, the interceptors, and the kill vehicle. About 1 minuteis required to con�rm the launch of a potentially threatening rocket, leaving slightly lessthan 3 minutes to decide whether it is an attacking ICBM and if so, to �re an interceptorand disable or destroy the ICBM. The interceptor must give its kill vehicle a velocity thatwill carry it su�ciently close to the expected intercept point, and the kill vehicle must thenbe able to home on the missile and maneuver to collide with it. The missile would bedestroyed or disabled by the kinetic energy of the collision. (The kinetic energy released inthe collision of an interceptor with an ICBM is greater than the chemical energy that couldbe released by explosives carried by the interceptor.)While it delivers energy at the speed of light and is therefore not constrained by 
youttime, the ABL has engagement range limitations caused by atmospheric e�ects and thedurability of the target. The challenges are to preserve the focus of the high-energy beamon the target after propagation through the atmosphere and to maintain the beam on thetarget long enough to disable the missile. The time required varies greatly depending onthe structural material used in the target missile.1.8 A Guide to the ReportPart A of the Report provides an overview of boost-phase missile defense and comparesit with other approaches to missile defense in the context of the anticipated threat. It�rst describes the analytical approach and key assumptions made in our analysis of boost-phase intercept systems that would use terrestrial-based or space-based interceptor rocketsemploying the kinetic energy of a collision to disable or destroy the target missile. It thendescribes the analytical approach and key assumptions made in our analysis of potentialutility of the Airborne Laser for boost-phase intercept of ICBMs. Part A analyzes theperformance each of these three types of systems would require to defend the United Statesagainst missiles launched from three geographical locales and ends with a discussion ofpossible countermeasures to these approaches to boost-phase missile defense.Chapters 2 and 3 frame the boost-phase defense problem in relation to alternative ap-proaches to missile defense and describe the rationale for the missile models used in theStudy. Chapters 4 and 5 analyze the basic requirements for engaging a missile in time todefend the United States and then examine the relationship between target missile charac-teristics, interceptor performance, and allowable basing areas for surface-based interceptors.Chapter 4 describes the engagement assumptions and analytical methods we adopted anddevelops the approach we used to simulate engagements. Chapter 5 uses these results to de-termine where the di�erent interceptors would have to be based to defend the United Statesagainst ICBMs launched from North Korea, Iran, or Iraq.3 This chapter also discusseswhether it is possible to avoid causing possibly live munitions to strike other countries.In Chapter 6, the methods developed and some of the previous results are applied toanalyze the feasibility of a global missile defense system employing space-based boost-phaseinterceptors. Here, the methodology previously used in analyzing terrestrial-based intercept3As explained in the Executive Summary, although Iraq is not considered likely to pose an ICBM threatto the United States in the foreseeable future, the Study Group has retained the analysis of defense againstICBMs from Iraq to illustrate the requirements for defending against a country that is intermediate in sizebetween North Korea and Iran.



S6 Introduction to the Reportsystems is applied to analyze the required performance and size of a system of space-basedinterceptors intended to defend the United States against ICBMs. This analysis showshow the total mass that must be launched into orbit depends on the number and size ofinterceptors required for coverage, which in turn depends on the burn time of the attackingmissiles, the 
yout capability of the interceptors, and the mass of the kill vehicle.In these analyses, we assumed that if the kill vehicle could reach the target missile intime, the intercept attempt would succeed, deferring to Part B of the Report the questionof the capabilities the kill vehicle would require to home on the interceptor and hit it,and resulting size and mass of the kill vehicle. This \best case" approach allowed us todetermine the minimum requirements for intercepting di�erent types of missiles and toestablish the tracking geometric and measurement uncertainties and geographic constraintson engagements, including possible interceptor basing locations for speci�c scenarios.Chapter 7 introduces the methodology for analyzing boost-phase engagements of liquid-and solid-propellant ICBMs by the ABL. The performance parameters and their relation-ship to the engagement are discussed. Chapter 8 analyzes the missile-defense capabilities ofthe ABL in actual geographical scenarios comparable with the approach used for surface-based intercepts in Chapter 5.Part A concludes with Chapter 9, a discussion of countermeasures to boost-phase inter-cept likely to be encountered by kinetic-kill intercept systems and the ABL.Part B addresses what it would take for a kinetic-kill boost-phase defense|regardless ofits basing mode|to acquire, track, hit, and destroy a target missile. Chapters 10 through 14summarize the sensor and kill-vehicle 
yout and homing performance that would be requiredfor terrestrial- and space-based interceptors to have a high probability of hitting an ICBMduring its boost phase. Chapter 10 analyzes the potential performance of missile acquisitionand tracking sensors. We estimated the uncertainties in determining the trajectory of anattacking ICBM caused by tracking system limitations and variations in the trajectory ofthe ICBM|both intended and unintended|when the kill vehicle relies on data from o�-board and on-board sensors to maneuver to hit the target. We then analyzed the kill-vehicleperformance|including divert velocity, acceleration, and guidance-and-control system re-sponse time|that would be required to hit a maneuvering ICBM. The issues associatedwith con�dently disabling an ICBM are examined in Chapter 13. Based on these results,we were able to estimate the mass of a kill vehicle with the required performance. The massof the kill vehicle ultimately determines the total mass of any hit-to-kill interceptor system.In Part C, we describe our modeling of illustrative threat missiles in Chapter 15 andinterceptors to defend against them in Chapter 16. These models were used in the analysespresented throughout the Report.Part D of the Report explores the physics and technology requirements for successfullyutilizing the ABL to disable ICBMs during their boost phase. The analysis of the ABLdescribed there relies on some of the assumptions and portions of the analysis in Part A.Part D analyzes propagation of high-power laser beams through the atmosphere, laser-targeting issues, and the e�ective range of the ABL when used against various types ofICBMs, assuming that the planned performance of the ABL is achieved. An overview tothe analysis of the ABL for boost-phase defense is presented in Chapter 17. Chapter 18describes the operation of the laser itself, and Chapter 19 discusses the propagation ofthe laser beam through the atmosphere. The factors involved in disabling a missile usingthe ABL are described in Chapter 20, and ABL engagements are discussed in Chapter 21.Deployment issues are described in Chapters 22.Appendices provide supporting information on the categories and characteristics of bal-
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Chapter 2Overview of the Analysis of Boost-Phase InterceptSystemsContents2.1 Boost-Phase Intercept Compared to Alternative Approaches S112.1.1 Boost-phase defense using hit-to-kill interceptors . . . . . . . . S122.1.2 Boost-phase defense using the Airborne Laser . . . . . . . . . . S132.1.3 Criteria for success . . . . . . . . . . . . . . . . . . . . . . . . . S132.2 Overview of the Analysis of Hit-to-Kill Systems . . . . . . S132.2.1 Walk-through of a hit-to-kill boost-phase engagement . . . . . S132.2.2 Analytical process: Hit-to-kill systems . . . . . . . . . . . . . . S162.3 Overview of the Analysis of the Airborne Laser . . . . . . S212.3.1 Walk-through of an Airborne Laser boost-phase engagement . S212.3.2 Analytical process: Airborne Laser defense . . . . . . . . . . . S212.4 Key Issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S222.4.1 Hit-to-kill engagement timeline . . . . . . . . . . . . . . . . . . S222.4.2 Airborne Laser energy delivery . . . . . . . . . . . . . . . . . . S242.4.3 Shortfall . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S242.4.4 Disabling the booster or the warhead . . . . . . . . . . . . . . S242.4.5 Countermeasures . . . . . . . . . . . . . . . . . . . . . . . . . S252.5 Summary of Assumptions . . . . . . . . . . . . . . . . . . . . S25This chapter provides an overview of the boost-phase intercept problem and outlines themethods that the Study Group employed to analyze boost-phase intercept systems. Thischapter also summarizes the assumptions made by the Study Group in its analysis, tofacilitate comparisons with other studies that might arrive at di�erent conclusions basedupon di�erent assumptions.2.1 Boost-Phase Intercept Compared to Alternative ApproachesAn ICBM is a multi-stage rocket having a payload that includes the missile's weapons andmay also include devices intended to help the weapons penetrate any defenses. The weaponsmay consist of one or more nuclear warheads or dozens of submunitions (\bomblets") �lledS11



S12 Chapter 2. Overview of the Analysis of Boost-Phase Intercept Systemswith chemical or biological warfare agents. The ICBM accelerates its munitions until theyare moving in the proper direction with the speed required to reach the target. The totalduration of an ICBM's boost phase is typically 3 or 4 minutes.When the �nal stage of a full-range ICBM shuts down or burns out, its altitude istypically 150 to 200 km. At this altitude the missile is well outside the atmosphere, andaerodynamic forces are negligible. If it has only a single warhead, the warhead is usuallydeployed when the �nal stage shuts down or burns out, but it could be deployed before themissile's boost phase ends. If the ICBM carries multiple warheads, these could be deployedwhen the �nal stage shuts down or burns out, or by a post-boost vehicle that separatesfrom the �nal stage and then maneuvers using small, on-board thrusters. Single or multiplewarheads or munitions could also be deployed while the �nal stage is still in powered 
ight.1From the time an ICBM's munitions are deployed until they re-enter the atmosphere,the only force acting on them is gravity, and thus they travel through space on ballistictrajectories. During this so-called midcourse phase, which typically lasts about 25 minutes,they can be tracked and their future positions predicted accurately. The terminal phase oftheir 
ight begins when the munitions re-enter the atmosphere at an altitude of roughly100 km. The terminal phase lasts only a minute or two.Each of the three phases of missile 
ight|boost, midcourse, and terminal|is best ad-dressed by di�erent types of missile defense systems, each of which has advantages and dis-advantages. In recent years the focus of the U.S. program has been on midcourse intercept.The major advantages of midcourse intercept are that the midcourse lasts a relatively longtime, and the midcourse trajectory of the warhead or other munitions can be determinedand predicted accurately. In addition, the long time available to midcourse interceptors toengage their targets allows them to 
y long distances. Consequently midcourse interceptorssited at just a few locations could defend the entire nation. However, midcourse-interceptsystems face several serious challenges. An attacking missile could deploy dozens of sep-arate submunitions carrying chemical or biological weapons capable of surviving re-entry,which would overwhelm the defense. An attacking missile could also deploy decoys andother countermeasures to confound the defense.Intercepting warheads or other munitions during the terminal phase of their 
ight hasthe advantage that aerodynamic forces quickly separate light decoys from heavy munitions.A terminal defense system could defend a very small area against munitions launched fromanywhere in the world, but every defended area would require its own system of radars andinterceptors. And, as with midcourse intercept, deployment of multiple warheads by the at-tacking missile would complicate the task of the defense, while deployment of submunitionswould require an unacceptably large number of interceptors.The major attraction of boost-phase intercept is that it could in principle avoid theproblems posed by multiple warheads, submunitions, and decoys by intercepting the missilebefore it deploys them. In contrast to a terminal defense, a boost-phase defense coulddefend the entire United States against attack from each missile launch area covered by thedefense.2.1.1 Boost-phase defense using hit-to-kill interceptorsBecause of the short time between detection of the launch of a potentially threatening rocketand the end of its powered 
ight, the interceptors of a hit-to-kill boost-phase defense sys-1The warheads of one of the earliest U.S. long-range missiles, the Polaris A3, were deployed duringpowered 
ight.



2.2. Overview of the Analysis of Hit-to-Kill Systems S13tem would have to be based close to the powered 
ight portion of the missile's trajectory.Consequently, unless they were space-based, interceptor rockets could intercept only thosemissiles launched from relatively small countries that border international waters or haveneighbors willing to host interceptor bases. Some view this requirement as a signi�cant ad-vantage of systems that use terrestrial-based interceptors, because these would not threatenthe land-based nuclear missile forces of Russia and China. On the other hand, such systemscould not defend against accidental or unauthorized launches of Russian or Chinese ICBMs.2.1.2 Boost-phase defense using the Airborne LaserThe Airborne Laser was originally designed for defense against theater ballistic missiles, butit is now being considered for use in defense against ICBMs. Because it delivers its energyat the speed of light, the short time available to intercept a missile during its boost phase|which is a serious challenge for rocket interceptors|is not an issue. Instead, the challengeis to deliver su�cient energy to disable the missile. Whether this is possible depends onthe laser's performance and the ability of the beam to propagate through the atmosphere.The ABL's ability to �re at a missile soon after it has been launched provides options fordefense not available to hit-to-kill systems. However, the relatively modest range of theABL limits its e�ectiveness against ICBMs.2.1.3 Criteria for successThe primary criterion for success of a boost-phase intercept system is whether it can preventlive munitions from falling on the area to be defended. A second criterion, whether thedefense can avoid causing live munitions to strike other areas of the United States or onU.S. friends and neighbors, may also be important. Thus, the criteria for success dependon what areas the system is supposed to defend. We considered four possible objectives fora U.S. boost-phase defense system, and the performance required to achieve each objective:� Defense of all 50 states.� Defense of the contiguous 48 states.� Defense of major cities within the contiguous 48 states.� Defense of Hawaii.We turn now to a description of the analytical process we used to evaluate both hit-to-killsystems and the ABL for boost-phase intercept of ICBMs.2.2 Overview of the Analysis of Hit-to-Kill SystemsWe describe here the elements of a hit-to-kill boost-phase defense system and the methodsby which we analyzed its essential elements. To provide a context for the description, westart with a walk-through of a hit-to-kill boost-phase engagement.2.2.1 Walk-through of a hit-to-kill boost-phase engagementThe elements of a boost-phase intercept system can be described by considering a hypo-thetical engagement by a defense system that utilizes hit-to-kill interceptor rockets. In the



S14 Chapter 2. Overview of the Analysis of Boost-Phase Intercept Systemsfollowing account, a single interceptor hits a single target missile. In reality, an attackerwould probably launch several missiles at once. To increase the chance of success, thedefense would probably �re two or more interceptors at each missile.Standby mode The boost-phase defense system would normally be in a standby mode inwhich the system is \cocked", but the interceptor is not \aimed". Earth would be undercontinual surveillance by infrared sensors on early-warning satellites. These sensors wouldcontinuously search for a bright spot that might indicate the exhaust plume of a large rocketrising through the upper atmosphere.Detection of a rocket launch Current space-based missile-warning sensors monitor Earthin speci�c infrared wavelength bands, where infrared radiation is strongly absorbed by watervapor in the atmosphere. This absorption prevents the sensors from \seeing" the heat of�res on land, glints of sunlight o� ocean waves, and sunlight that is re
ected from most cloudtops. Consequently, current early warning satellites usually do not detect the radiation fromthe exhaust of a rocket rising through the atmosphere until it has reached an altitude ofabout 10 km. Future space-based early-warning sensors may monitor Earth in wavebandswhere they could see to the ground on a clear day. However, the cloud cover over mid-latitude launch sites is su�ciently frequent and heavy that such sensors would not see theexhaust of a large rocket with high probability until it had reached an altitude of about 7 km.Liquid-propellant ICBMs attain this altitude about 40 to 50 s after launch; solid-propellantICBMs, which rise more quickly, attain this altitude about 30 s after launch.A bright spot is not necessarily the signature of a missile; it might, for instance, comefrom the afterburner of a jet airplane. The unique signature of a rocket is its high speed.By analyzing for about 15 to 20 s the data on the motion of the bright spot that could beprovided by a modern space-based infrared missile-tracking system, the existence of a largerocket in powered 
ight could be con�rmed and the rocket's direction of motion could beroughly estimated. However, in some situations it would not be possible to determine fromthe tracking data before an interceptor would have to be �red whether the rocket indicatedby the bright spot was an innocuous space launch or was instead an attacking missile.Deadline for the intercept The last moment for intercepting an ICBM aimed at theUnited States during its boost phase depends on the characteristics of the ICBM, its target,and its trajectory. Interceptors must be based close enough to the missile's expected 
ightpath to reach the missile before its munitions have su�cient velocity to reach the areato be defended, regardless of the trajectory the missile follows. The possible locationsfor interceptor bases are determined by this constraint, the known performance of theinterceptors, and the earliest time after the missile has been launched that an interceptorcould con�dently be �red.From the moment the signature of a potentially threatening rocket was detected, datafrom space-based sensors and possibly from ground- or air-based radars would be accumu-lated. The rocket's trajectory up to its current position and velocity would be repeatedlyupdated with increasing re�nement as new data were received. Before interceptors couldbe �red, su�cient tracking information would have to be collected to construct a �ringsolution.A �ring solution tells the interceptor how to 
y from its base to reach the potentiallythreatening rocket at the desired time by estimating the future behavior of the rocket during



2.2. Overview of the Analysis of Hit-to-Kill Systems S15the remainder of its powered 
ight and the uncertainty in this estimate. The interceptormust be �red at a time and in a direction that will permit it to reach the target rocket nomatter what path the rocket follows. For a large rocket, the earliest a �ring solution maybe available is 15 to 20 s after the rocket has been detected.Firing the interceptor Firing an interceptor the instant a �ring solution is obtained is thefastest response possible. In most situations, interceptors are unlikely to be �red until thesituation has been assessed for some additional time, which we refer to as the decision time.As the required decision time increases, the possible interceptor basing locations rapidlydecrease, but the defensive system's knowledge of the nature of the threat improves. Indetermining possible interceptor basing locations for a given boost-phase defense system, weconsidered the limiting case of �ring interceptors with zero decision time and, alternatively,�ring them with a decision time of 30 s. From the results for zero and 30-s decision times,we were able to estimate the decision time that would actually be available in variousgeographical scenarios.Interceptor boost The interceptor is a multi-stage rocket that �rst accelerates and thendeploys its kill vehicle, which 
ies onward to intercept the target rocket. As the interceptor
ies out toward the predicted intercept point, it is guided by its inertial guidance systemand possibly also by an on-board Global Positioning System (GPS) receiver. In addition, itreceives regular updates from remote sensors that track its position and that of the targetrocket. Using these updates, the interceptor continually revises the predicted interceptpoint, taking into account the changes in the trajectory of the target missile, and adjustsits course accordingly, until its �nal stage burns out.Flight of the kill vehicle The kill vehicle is a small, highly maneuverable rocket-propelledstage that would have a sophisticated guidance system and sensors that would enable itto home on a target rocket. The sensors might include infrared and ultraviolet detectors,which would detect and track radiation from the target's plume, and LIDAR, a radar-likesystem that would employ a laser beam to enable the kill vehicle to home on the body ofthe target rocket. At the altitude at which surface-based boost-phase interceptors typicallyburn out, the atmosphere is still too dense for a kill vehicle to begin operating. As theycoast upward, the interceptor and its kill vehicle would continue to receive updates fromremote sensors on the position of the target, including changes in its trajectory. However,the kill vehicle cannot adjust its trajectory until it has reached a su�ciently high altitude(typically 80 to 100 km) to begin to operate autonomously. At this point, it would separatefrom the �nal stage of the interceptor and begin maneuvering to try to collide with thetarget rocket.The kill vehicle would use the information provided by its homing sensors to re�ne itsestimate of the position of the target rocket and determine what maneuvers would be neededto intercept it. By the time it has closed to within several hundred kilometers of the targetrocket, the kill vehicle must detect the rocket's body (as distinguished from its much largerplume) and begin to home on it. A missile in powered 
ight is not easy to hit because itsacceleration changes abruptly as each stage burns out and the next ignites. Furthermore, theacceleration and velocity of a missile can vary greatly as it performs trajectory-shaping orenergy-management maneuvers. A missile can also maneuver as a countermeasure, changingits acceleration in the �nal seconds before collision would have occurred. To assure a high



S16 Chapter 2. Overview of the Analysis of Boost-Phase Intercept Systemsprobability of success, the kill vehicle must be able to accelerate at 15 g or more in the �nalmoments. The required performance of the kill vehicle determines its size and mass, whichin turn determines the size and total mass of the entire interceptor.2.2.2 Analytical process: Hit-to-kill systemsTo gain insights into the dynamic relationships involved in hit-to-kill boost-phase engage-ments and their implications for system requirements, we conducted an end-to-end analysisof representative engagements, from the launch of a threatening ICBM until the kill vehicleeither hit the ICBM or missed it. The analysis began with the selection of illustrative sce-narios based on recent National Intelligence Estimates (see Chapter 3), namely, the launchof an ICBM from one of the three countries considered: either North Korea, Iraq, or Iran.From these scenarios, we derived top-level assumptions about the objectives and tactics ofo�ense and defense to the extent they would in
uence the engagements. These are discussedlater in this chapter.Using the illustrative scenarios and related assumptions, we developed a global geograph-ical picture that re
ected possible ICBM launch areas and the locations of their potentialtargets. Next, we established the ranges and �ring azimuths associated with ballistic mis-sile threats for each scenario. Figure 2.1 illustrates possible trajectories from North Koreaand the Middle East to cities in the United States. In both cases, the launch azimuths oftrajectories to major U.S. cities span about 40 degrees of arc.Modeling of representative threat missiles Representative missiles with ranges greatenough to reach the United States and similar to those that might be deployed in the fu-ture by countries of concern were modeled and their 
ight simulated in su�cient detailto establish realistic spatial and temporal trajectory characteristics under varying condi-tions during their boost phases and ballistic 
ight. The rationale for the selection andmodeling of these missiles is discussed in detail in Chapters 3 and 15. The target missilesthat were modeled have the characteristics that missiles based on 30- or 40-year-old tech-nology would have. We included missiles utilizing liquid propellants, which are likely tobe used in the �rst long-range missiles deployed by the countries of concern. Because itwould take approximately 10 years to deploy boost-phase intercept systems, and the U.S.intelligence community has concluded that North Korea and Iran could develop or acquiresolid-propellant ICBMs within the next 10 to 15 years, we also included solid-propellantmissiles. Most of our analysis considered defense against long-range missiles, but we alsomodeled short-range ballistic missiles, which have also been judged to be a potential threatto the United States if launched from an o�-shore ship.Synthesis of preliminary defense architectures With these models of notional threatmissiles in hand, we synthesized several preliminary conceptual architectures of boost-phasedefense systems utilizing terrestrial-based interceptors. A similar approach was used toformulate the space-based architectures studied in Chapter 6. The system architectureswe studied generally re
ect concepts that have been proposed by advocates of boost-phaseintercept. In analyzing the performance of these systems, we assumed they would haveacquisition and tracking sensors similar to those known to exist or that are in the processof being developed.We created computer models of interceptors having a variety of speeds and sizes toinvestigate di�erent scenarios. These ranged in size from an interceptor judged to be have




