




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
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Figure 2.1. Great circles from North Korea (top) and Iraq or Iran (bottom) to Boston,Washington, D.C., Dallas, San Francisco, Fairbanks, and Honolulu.



S18 Chapter 2. Overview of the Analysis of Boost-Phase Intercept Systemsthe highest performance that could be deployed in an existing ship-based launching systemor in an air-based launcher, to one larger than an ICBM with a 
yout velocity of 10 km/s,greater than the velocity required to achieve orbit (see Chapter 16). The 10-km/s interceptorwas included to explore the upper bound on the feasible performance of boost-phase systemsusing interceptors.In addition to these interceptors, we considered an interceptor similar to the U.S. Navy'sexisting Standard Missile 2 as a possible counter to medium- or short-range ballistic missileslaunched from ships or other platforms o� U.S. coasts.Using these threat objectives, trajectories, and �rst-order physical constraints on sen-sors, such as radar horizons and cloud cover, we studied the kinematic requirements for aninterceptor to engage the notional threat missiles at various times during their boost phase.To establish when an intercept should occur during the boost trajectory of the threat mis-sile, the impact range as a function of cuto� time was determined for each of the threattrajectories modeled. The earliest and latest desired intercept times were determined foreach scenario and threat missile, based on assumptions about areas to be defended andareas where munitions and debris from the intercepted missile should not fall (Chapter 5).From this preliminary analysis, we were able to choose a range of interceptor 
youtcapabilities based on our initial estimates of the performance required to meet the geo-graphical constraints of each scenario, as well as the performance requirements that havebeen suggested by advocates of speci�c boost-phase intercept concepts. We then considereda variety of engagement scenarios for the target missiles and interceptors launched from ge-ographically reasonable launch sites that re
ected the ranges and viewing capabilities of thedetection and tracking sensors. The outputs of this initial analysis were (1) nominal time-lines for engaging the various threats, (2) engagement geometry variations, and (3) expectedclosing velocities. This analysis is discussed in Chapter 4.Up to this point the engagement analysis assumed a perfect endgame|the kill vehiclehad su�cient sensor and maneuver capability to achieve an intercept when placed on aballistic path to the predicted intercept point. It also initially assumed that perfect threatacquisition and tracking sensors would acquire the threat after physical viewing constraints,such as those imposed by radar horizons and cloud cover, were met. The interceptors weregiven a nominal kill vehicle size and mass at this point to allow a characteristic area fordrag calculations to be established for simulating realistic constraints on interceptor 
youttrajectories. The interceptor performance capabilities were later adjusted if necessary as theengagement analysis proceeded. The interceptor sizes were also adjusted later to re
ect theresults of the kill vehicle analysis summarized in the next section and detailed in Chapter 12.Using the results of this initial investigation as input, we divided the further analysisinto three parallel tracks to estimate the basic requirements for each element of the system:1. The o�-board sensor performance required for acquisition and tracking.2. The interceptor reach and basing required to meet the geographic constraints imposedby each scenario.3. The on-board sensor, guidance, control, and maneuver capability required for the killvehicle to deal with tracking and threat uncertainties and successfully intercept thetarget.Acquisition and tracking analysis The speed with which missiles can be identi�ed andthe precision with which they can be tracked are critical to the e�ectiveness of any boost-



2.2. Overview of the Analysis of Hit-to-Kill Systems S19phase intercept system. Thus, detecting and tracking sensors play essential roles at everystage of the intercept. The acquisition and tracking analysis, therefore, provided key inputsfor the other two parts of the analysis. From the initial analysis, we could model theevolution of the engagement geometry in time, and knowing this, we could evaluate thesystematic and random measurement uncertainties expected from representative sensors.We determined the minimum interceptor �ring time that is required for the geographicanalysis by examining detection thresholds for the notional space-based infrared sensorsand the minimum time needed to establish an acceptable track for each ICBM type.Based on initial estimates of the engagement geometry and postulated sensor character-istics for each scenario, we made estimates of a number of key parameters, including trackingprecision and uncertainties for threat state-vectors.2 The resulting measurement uncertain-ties for the trajectory were then used in the third portion of the analysis|examining thekill vehicle midcourse and endgame requirements, which depend on the combined e�ects ofmeasurement uncertainties and actual threat trajectory variations.Constant surveillance of all potential launch areas is essential for detecting the launchas early as possible. We considered two types of surveillance sensors for detecting missilelaunches: short-wavelength infrared sensors based high in space and on aircraft, and radarsbased on the ground and on aircraft. We analyzed the capabilities of current and possiblefuture space-based sensors for detecting and tracking ICBM exhaust plumes (Chapter 10).We also considered the missile-tracking capabilities of a variety of land-based, ship-based,and airborne radars and analyzed the likely near-term performance of passive infrared andactive LIDAR seekers on the kill vehicle. For the ranges likely to be required for boost-phase interceptors to defend the United States against long-range missiles, we concludedthat space-based sensors are the only viable option for detecting the launch quickly; thehorizon would block the view of the other three sensor options until too late in the threatmissile's 
ight.The existing DSP (Defense Support Program) surveillance system was examined. How-ever, the low scan rate, once every 10 seconds, discourages its use in a boost-phase interceptsystem. A replacement for DSP is planned, the SBIRS-High system. Because the proper-ties of SBIRS-High are not in the public domain, we constructed a notional space-basedsensor system based on technology that is currently available or that seems plausible fordeployment within a few years. The analysis is based on this system, which was found toprovide about the same accuracy as a radar once the threat was above the horizon.A critical part of the tracking problem is the �nal stage of the engagement when thekill vehicle has separated from its booster. In addition to the tracking data provided byo�-board sensors, the capabilities of the kill vehicle's own sensors, which may include in-frared detectors, optical-imaging systems, and LIDAR-ranging systems, are important inanalyzing the kill-vehicle guidance and control problem. Several possible kill-vehicle homingsensors were considered (Chapter 10) and their capabilities used in analyzing kill-vehicleperformance requirements (Chapter 12).Geographic analysis for these scenarios We used the results of our analysis of engage-ments (Chapter 4) to examine the geographical constraints in our illustrative scenarios.Engagements of ICBMs launched from North Korea, Iraq, and Iran were analyzed to de-termine the geographical areas within which interceptors would have to be based to disablea missile before it could give its munitions su�cient speed to reach the United States. We2The state is speci�ed by the vector components of the missile's position, velocity, and acceleration.



S20 Chapter 2. Overview of the Analysis of Boost-Phase Intercept Systemsconsidered potential ICBM launch sites and examined the e�ects of speci�c geographic con-straints on the feasibility of using each of the model interceptors in each scenario. As partof this analysis, we examined the e�ects of key assumptions, such as the time delay before�ring the interceptor, areas to be defended, and intercept debris impact constraints. Wealso varied these key assumptions to explore the sensitivity of our results to changes in ourbaseline assumptions about all phases of the engagement and to assist in understandingthe e�ects of potential countermeasures. Chapter 5 derives and summarizes the conclusionsof the Study concerning the feasibility of boost-phase intercept utilizing terrestrial-basedinterceptors.Kill-vehicle requirements for boost-phase engagements The kill-vehicle analysis exam-ined what would be required of the kill vehicle to handle the two primary uncertainties:measurement errors from the o�-board and on-board sensors and unexpected variations inthe trajectory of the target missile. Together, these uncertainties establish the maneuver-ability the kill vehicle would require during the divert and endgame phases of an engagementto intercept the target missile. The key parameters are the kill vehicle's velocity changecapability, acceleration, and response time.Estimates of closing geometries and velocities derived from the engagement analysisprovided the initial conditions for the kill-vehicle performance analysis. This part of theStudy explored parametrically the relationship between the velocity change and accelerationcapabilities of the kill vehicle and the resulting miss distance, for di�erent guidance schemes.We analyzed the performance requirements for the kill vehicle and the o�-board and on-board sensors by �rst modeling the errors expected in tracking large rockets using space-based infrared sensors, surface- and air-based radars, and passive infrared and active LIDARsensors on the kill vehicle, based on the analyses of these sensors (Chapter 10). Using theseerror models, we numerically simulated a variety of engagements to explore the dependenceof the required total kill-vehicle velocity change on the precision of the o�-board missile-tracking sensors, and the dependence of the miss distance (relative to the aim point) onthe precision of the on-board homing sensors, the closing velocity, and the kill vehicle'sagility. The model of the kill vehicle incorporated the guidance algorithm, the latency inthe kill vehicle's information about the target missile, the delay in its dynamical response tothe accelerations commanded by the guidance system, and its maximum acceleration. Westudied the e�ects of typical trajectory-shaping and evasive maneuvers by the target missile.Performance requirements for the o�-board sensors and the kill vehicle were estimated byrequiring the miss distance to be small enough to ensure a collision of the kill vehicle withthe rocket body. This analysis is described in Chapter 12 and Appendix C.Size of the kill vehicle The size of the kill vehicle is driven by two sets of parameters:�rst by the total velocity change capability required during the homing phase and the accel-eration required during the endgame, and second by the technology that can be con�dentlybrought to bear in the on-board sensors and avionics. We determined the size of the killvehicle that would be required by utilizing our analysis of kill-vehicle performance require-ments (Chapter 12), estimating the mass of each required component, and combining them.This analysis is described in Chapter 14.



2.3. Overview of the Analysis of the Airborne Laser S212.3 Overview of the Analysis of the Airborne LaserThe Airborne Laser is a directed-energy weapon that delivers its energy at the speed of light.In analyzing the possibilities for boost-phase defense against ICBMs using the ABL, we usedmany of the same elements employed in the analysis of hit-to-kill interceptors, including thesuite of model ICBMs and the times by which their acceleration would have to be terminatedto protect the United States. However, the crucial issue of whether an interceptor couldreach the missile within the required time is not relevant to an ABL defense. Instead, thekey issue is whether the ABL can deliver enough energy to the target missile to disableit. A target ICBM could be engaged any time after it has risen su�ciently high in theatmosphere until the latest time to intercept. The success of an ABL engagement dependson the power of the laser, the properties of the laser beam, the distance to the target, theenergy required to disable the target, and the ability of the ABL to focus its energy on thetarget for the required time in the presence of atmospheric 
uctuations. An overview of theanalysis of the ABL is presented in Chapter 17.2.3.1 Walk-through of an Airborne Laser boost-phase engagementThe scenario for detecting a rocket's launch and establishing its trajectory with su�cientaccuracy to support an ABL engagement is similar to that of a hit-to-kill engagement. Onedi�erence is that the ABL could either acquire this information itself or receive it fromexternal sources. The ABL's sensors may be able to acquire tracking information earlierthan the space-based surveillance system, but doing so would not a�ect the engagementtime, because the ICBMs considered in the Study could be engaged only when the missilehas risen to an altitude of at least 30 km.The ABL uses three lasers|the tracking illuminator laser (TILL), the beacon illumi-nator laser (BILL), and the high energy laser (HEL). Once a missile is detected, the TILLwould be directed to the nose of the missile to establish a geometric reference point. Theimages produced by the TILL and the BILL would be used for adaptive optics correctionsto the HEL beam. The HEL beam is focused onto the target and dwells on the designatedaim point for several seconds, until the energy density (the energy per unit area or 
uence)that has been deposited on the missile body is great enough to cause structural failure.2.3.2 Analytical process: Airborne Laser defenseAirborne Laser properties In analyzing the ABL, we adopted ABL performance charac-teristics based on the best publicly available information. However, because some of thetechnical speci�cations of the ABL are classi�ed, a number of important parameters wereunknown. These include the laser's power and the amount of energy required to disable amissile. Consequently, we made what we consider to be reasonable estimates and show thesensitivity of our results to changes in these estimates. In cases of doubt, we adopted thebest-case scenario. The properties of the ABL are described in Chapter 18.Airborne Laser engagement analysis As noted above, the performance of the ABL forboost-phase intercept of an ICBM would be insensitive to the time required to detect themissile and determine its direction of 
ight. To analyze the possibilities for boost-phaseintercept by an ABL aircraft stationed at a given location, we computed the range fromthe ABL to the missile at which the ABL could be e�ective against both liquid- and solid-propellant missiles. Basic issues related to ABL engagements are described in Chapter 7.



S22 Chapter 2. Overview of the Analysis of Boost-Phase Intercept SystemsAirborne Laser energy delivery Our assessment of energy delivery by the Airborne Laserrests on theoretical analyses of beam propagation through the atmosphere and of the per-formance of adaptive optics. These issues are closely coupled to the problem of trackingthe missile so that the laser beam could focus continuously on one spot. As the missilegains altitude early in its 
ight, the density of the air through which the beam must passdecreases, and atmospheric e�ects become less important. As the distance to the missileincreases, the energy delivery is limited by the fallo� of beam power density on the target.At large distances, the �nite propagation time must be taken into account and can limitthe capability of the adaptive optics system. Beam propagation is analyzed in Chapter 19,the requirements for disabling the missile are described in Chapter 20, and the interplay ofmissile position and energy delivery is analyzed in Chapter 21.Airborne Laser engagements Analyzing a real ABL engagement involves �rst calculat-ing the energy density delivered to the target by the laser as the missile accelerates alongits trajectory. With this information, the maximum slant range from the ABL aircraft tothe target missile can be determined throughout the engagement. From the slant range,the distance on the ground between the ABL and the missile, which is important for geo-graphical considerations, can be computed. For the ABL performance we assume, the timethe ABL beam must dwell on an ICBM to disable it is estimated to vary between 5 and20 s, depending on the missile's type and the distance from the ABL to the missile. Thedwell time must be taken into account, because the target would move a signi�cant distanceduring the engagement.Geographic analysis of an ABL defense The area within which the ABL must be 
yingthroughout the engagement is called the ABL 
ying area and is analogous to the interceptorbasing area for a hit-to-kill engagement. Because an ICBM could be engaged any time afterit has risen to an altitude greater than 30 km and the laser's range would vary with thealtitude of the ICBM, the allowed 
ying areas would be oblong in shape even for a singleICBM trajectory, in contrast to the circular shape of the allowed interceptor basing area of arocket interceptor for a single ICBM trajectory. ABL 
ying areas for ICBMs launched fromNorth Korea, Iraq, and Iran are displayed in Chapter 8. Based on these 
ying areas, thepossibilities for defending the United States against ICBMs launched from these countriesare described.2.4 Key Issues2.4.1 Hit-to-kill engagement timelineThe pressure of time is the overriding consideration for any boost-phase intercept systemthat utilizes rocket interceptors. The time available for the interceptor to reach the targetis determined on the front end by how quickly a �ring solution can be generated. It isdetermined on the back end by the latest time at which the interceptor must hit the missileto ensure that its munitions cannot strike any point in the defended area, no matter whichof its many potential trajectories the missile follows.Based on our tracking analysis, we concluded that an adequate �ring solution for theinterceptors could be constructed once the direction of the velocity vector of the targetrocket is known to within 7 degrees, provided in-
ight updates were continued during theinterceptor's boost phase. Using estimates of the possible capabilities of the next generation
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Figure 2.2. Top: Timelines for engaging liquid-propellant ICBMmodel L and solid-propellant ICBMmodel S1 when launched from Iran against cities on the East Coast of the United States. Bottom:Maximum times available to complete the intercept. All times are rounded to �ve seconds.of missile warning and tracking satellites, we calculated the time that would be needed afterthe infrared signal of a rocket had been detected to determine that the signal indeed camefrom a large rocket that could be a long-range missile, and to estimate the rocket's directionof 
ight with this precision, i.e., within 7 degrees. These times are 20 s for the liquid- and15 s for the solid-propellant missiles under consideration. We took the sum of the detectiontime and the additional time needed to construct a �ring solution as the earliest possibletime that an interceptor could be �red. This time would be 65 s after the liquid-propellantICBM was launched or 45 s after launch of either solid-propellant ICBM.In most circumstances the defense is likely to want additional time to assess the situationbefore �ring. (At the minimum �ring time, the defense might not be able to determinewhether the rocket that had been launched was an ICBM, a space launch, or a theaterballistic missile, or even whether it was a liquid- or a solid-propellant rocket, di�erencesthat would strongly a�ect the predicted intercept point.) To investigate the e�ects ofdelaying the decision to �re an interceptor, we also analyzed system performance for a 30-second decision time that would, for example, allow the defense to see the burnout of the�rst boost stage of most solid ICBMs and would therefore help in typing the target missile.Within the available time, the interceptor would have to 
y toward the projected in-tercept point and deploy the kill vehicle, which would then have to 
y onward toward theprojected intercept point, home on the body of the missile using its on-board sensors, andhit the missile. During its 
y out, the interceptor and then the kill vehicle would have torespond to maneuvers of the target missile using data from o�- and on-board sensors. Fig-ure 2.2 shows the timelines for defending the United States against a notional liquid- and anotional solid-propellant ICBM launched from Iran against cities on the East Coast of the



S24 Chapter 2. Overview of the Analysis of Boost-Phase Intercept SystemsUnited States. The entire East Coast is within range of the three model missiles, which allhave ranges of 12,000 km, and, as discussed in Chapter 5, is a likely target. Timelines areshown for both zero and a 30-second decision time.2.4.2 Airborne Laser energy deliveryA key issue for the ABL is the energy per unit area that must be delivered to the targetICBM to cause structural failure. The energy density required to disable a solid-propellantICBM is considerably greater than that required for a liquid-propellant ICBM, because oftheir di�erent mechanical construction. A second key issue is whether the ABL can deliversu�cient power, focus it on the target, and maintain focus on the aim point long enoughto induce failure. The actual laser power the ABL can produce is classi�ed, but we havemade a reasonable estimate of it. The ability of the ABL to focus the beam depends onhow close the beam is to its di�raction limit and the ability of the ABL to correct the beamfor distortions induced by atmospheric inhomogeneities. We have estimated the dwell timethat is possible, which is set by practical considerations.We analyzed the sensitivity of our results to variations of these parameters and �nd ourresults to be robust.2.4.3 ShortfallWith respect to defending the United States, it makes no di�erence whether intercept merelycauses the target missile to lose propulsion or also disables its munitions: in neither case willmunitions strike the United States. However, if the missile's munitions are not destroyed,the intercept would have to be carefully timed to avoid causing potentially live munitionsto strike other nations. This problem is discussed in Chapter 5. To avoid causing munitionsto strike other countries, intercepts may have to be timed to occur with in a time windowas narrow as 10 to 20 s, and in some cases even less. It is unclear whether this is possible,given the di�culty of predicting the exact future position of an ICBM as a function of timeduring its boost phase, even if the ICBM does not execute any trajectory-shaping or evasivemaneuvers.Giving the kill vehicle the capability to change its 
yout speed enough to delay or hastenan intercept would improve the ability of the defense to time an intercept but could signif-icantly increase the kill vehicle's size, and thus the size of the entire interceptor. Withouta detailed analysis of the uncertainties in generating a �ring solution and predicting thetarget missile's trajectory, there is no way of determining whether there is a solution tothis problem. We are not aware of any systematic analysis of this problem in the publiclyavailable literature.Boost-phase intercept using the ABL has the same problem, but for a di�erent reason.The dwell time of the laser on an ICBM that would be required to disable it is long|seconds|and it is di�cult to know exactly when during the dwell the missile would losethrust.2.4.4 Disabling the booster or the warheadAs explained above, having the ability to disable an attacking missile's warheads or submu-nitions would be crucial if a goal of the boost-phase intercept system is to avoiding causingpossibly live munitions to strike countries other than the United States. Having the ability



2.5. Summary of Assumptions S25to disable an attacking missile's munitions would also be desirable if the boost-phase inter-cept system is the �rst segment of a layered missile defense system, provided this can bedone in a way that decreases the burden on the succeeding layers of the system.It is much more di�cult for hit-to-kill interceptors to destroy a missile's warheads orsubmunitions than to disable its booster. Lacking access to any data on tests that mighthave been carried out on collisions between kill vehicles and missiles in space at the highclosing speed|typically 10 km/s|of an intercept, the Study Group was unable to analyzethe likelihood that such a collision would destroy a missile's warheads or submunitions.However, a missile's warhead is much more durable than its booster, to which it is usuallycoupled only loosely, and there is ample evidence from intentional and accidental destructionof missiles during testing to support the view that the warheads will survive catastrophicbooster destruction. The Airborne Laser would have no ability to destroy warheads orsubmunitions.If causing live warheads to strike other countries is a concern, the defense has threechoices: design the boost-phase intercept system to destroy the warhead with high con�-dence, build a midcourse defense to intercept warheads and submunitions that would becapable of handling the possibly unpredictable nature of the debris cloud produced by aboost-phase intercept, or time the boost-phase intercept carefully so that the debris landsin the ocean, a problem that is discussed in Chapter 5.2.4.5 CountermeasuresAs with every defense system, countermeasures to a boost-phase intercept system could bedeveloped. In the course of its analysis, the Study Group identi�ed several sensitivities ofboost-phase intercept systems that could potentially be exploited to degrade the e�ective-ness of such a defense. In addition, the Study Group identi�ed several countermeasuresthat could be adapted from existing technologies and must be seriously considered. Theseare discussed in Chapter 9.2.5 Summary of AssumptionsThe conclusions of the Study follow from assumptions made by the Study Group. Becausethese are scattered throughout di�erent sections of the Report, we summarize here thoseassumptions we judge to be most crucial to our �ndings. In the course of the Study, our keyassumptions were revisited to investigate the sensitivity of our results to changes in them.Our principal assumptions are discussed below.Defense posture The defense is on full alert and its missile warning sensors are operatingin their surveillance mode, with the DSP early warning system or a modern space-basedinfrared sensor system tasked to detect launches from the geographical areas of concern.Objective of the adversary The objective of the adversary is to use his weapons to deterthe United States from taking some actions against his interests or to retaliate if the UnitedStates is not deterred. Consequently the adversary's targeting objective is to in
ict largenumbers of casualties without particular regard to where in the United States the casualtiesoccur. Implied is the use of nuclear, chemical, or biological weapons without requiring thatthe delivery system strike a particular target with high accuracy. The defense therefore



S26 Chapter 2. Overview of the Analysis of Boost-Phase Intercept Systemscannot presume to know a missile's target beyond what can be inferred from tracking dataobtained during the early part of its boost phase.Defense knowledge The defense's knowledge is not perfect. Other than general intelli-gence information it may have, it knows only what its sensors tell it about the nature ofthe attack and the attacking missiles. Because the attacker's objective may be to strikeanywhere within the United States, the defense cannot presume to know a missile's target,beyond what can be inferred from tracking it during the early part of its boost phase. Ifthe attacking missiles have been tested many times, as U.S. and Russian missiles have, thedefense may know some of their performance characteristics, such as their average thrustpro�les, but not the speci�c details of the attack.Criteria for success Success requires that the defense prevent any munitions from strikingthe defended area. If the additional goal of avoiding causing munitions to strike othernations is adopted, the challenges for the defense would increase signi�cantly.Scenarios analyzed Guided by recent assessments by the U.S. intelligence community andother experts, the Study Group selected four geographic scenarios to frame the Study:� A small country situated near international waters, using North Korea as the model.� Two mid-size countries, using Iran and Iraq as the models.� An attack by a short- or medium-range ballistic missile launched from a ship o� aU.S. coast.Area to be defended We examined the requirements for defending four areas: (1) all 50states, (2) only the contiguous 48 states, (3) only major cities within the contiguous 48states, and (4) only Hawaii.Launch detection times Geographical areas of concern are continually monitored by mod-ern, space-based see-to-the ground sensors. Given the cloud cover over mid-latitude launchsites, these sensors would have a high probability of detecting the exhaust of a large rocketonly after it reaches an altitude of about 7 km. We assume that any potentially threat-ening rocket is detected as soon as it reaches this altitude. The liquid-propellant ICBMreaches this altitude 45 s after launch; 20 more seconds are required to determine that thesignal detected is being produced by a large rocket and estimate its direction of 
ight. Thesolid-propellant ICBMs, which accelerate more quickly, reach 7 km 30 s after launch; only15 more seconds are required to determine that the signal detected is being produced by alarge rocket and estimate its direction of 
ight.Interceptor �ring time The earliest time an interceptor can be �red (zero decision time) is65 s after the liquid-propellant ICBM has been launched and 45 s after the solid-propellantICBMs have been launched. These are the bounding cases. If the defense requires 30 moreseconds to decide whether to �re, the earliest time an interceptor can be �red is 95 s after theliquid-propellant ICBM has been launched and 75 s after the solid-propellant ICBMs havebeen launched. No approval from the National Command Authority (with its associatedtime delay) would be possible in either case.



2.5. Summary of Assumptions S27Airborne Laser performance Critical performance parameters of the ABL are classi�ed,but we have made assumptions|based on unclassi�ed descriptions|that we believe arecredible, although possibly optimistic. In particular, we have assumed a beam power of3 MW, and that the adaptive optics system will perform as well as in the laboratory testsof scale models. We considered laser dwell times ranging from 5 to 20 s. To determine theenergy per unit area the ABL would have to deliver to the target missile to disable it, wehave made simple estimates.Criterion for disabling a target missile A body-to-body hit on a booster is assumed todisable the missile but not its warheads or submunitions. The ABL is assumed to be capableof disabling the booster of a missile, but not its warheads or submunitions, by supplying asu�ciently large amount of radiant energy to the missile's body.
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S30 Chapter 3. Ballistic Missile Threats to the United Statesballistic missiles is discussed in Section 3.3. Section 3.4 explains how this information wasused by the Study Group in its analysis of boost-phase missile defense systems.Russia and China are the only potential adversaries of the United States that possesslong-range ballistic missiles capable of striking the United States. The U.S. intelligencecommunity judges [34] that an unauthorized or accidental launch of a Russian or Chinesestrategic missile is highly unlikely, as long as current security procedures and systems arein place. (Russia employs an extensive array of technical and procedural safeguards, andChina keeps its missiles unfueled and without warheads mated [34], although this maychange as it deploys solid-propellant ICBMs.)Among the countries that have programs to develop long-range missiles, the U.S. in-telligence community has expressed special concern about North Korea and Iran [30]. 1The Study's emphasis on these countries re
ects this concern; the Study Group itself hasmade no judgment about which countries or missile programs pose a risk to the UnitedStates. None of these three countries presently have an overt, credible, ICBM capability.However, as their missile programs advance, they may develop or acquire long-range bal-listic missiles that could threaten the United States with nuclear, biological, or chemicalweapons [30, 35]. According to the most recent U.S. National Intelligence Estimate of theballistic missile threat to the United States [30], most U.S. intelligence agencies projectedthat before 2015, the United States most likely will face ICBM threats from North Korea andIran, and possibly from Iraq|barring signi�cant changes in their political orientations|inaddition to the longstanding missile forces of Russia and China.A fundamental di�erence between the approach that emerging missile states are cur-rently using to �eld ballistic missiles and the approach taken by the Soviet Union and theUnited States during the Cold War is that the newcomers are not as likely to place a highpriority on accuracy, safety, reliability, survivability, and numbers [29]. Consequently, coun-tries of concern may not conduct a series of tests before deploying a missile, but may insteaddeploy after as little as one 
ight test, as North Korea did with its No Dong missile [31].Deployment times are being shortened substantially by foreign assistance and technologytransfer. Evidence suggests that Russia, China, and North Korea are providing assistanceto states of concern. Foreign assistance can play a pivotal role in the development ofballistic missiles [30, 35, 36, 37]. Ballistic missile systems could also be acquired by purchaseand launched with little or no warning, according to the intelligence community and theRumsfeld Commission [30, 36, 37]. The potential for signi�cantly shortened developmenttimes and the possibility of little or no warning means that to be e�ective, a defense mustbe robust when confronted with missiles that have characteristics that di�er signi�cantlyfrom the characteristics of previous missiles tested or deployed by a particular country.This study focuses on the feasibility of boost-phase defenses against ICBMs that mightbe deployed by countries that have relatively new missile development programs and do notpresently have friendly relations with the United States. As explained in Chapters 2 and 15,any analysis of the feasibility of such a defense must consider the performance characteristicsof the missiles it is expected to confront. The Study Group used the information summarizedin Sections 3.2 and 3.3 to guide its analysis of possible ballistic missile threats, the e�ectsof uncertainties, and the e�ects of possible countermeasures to boost-phase defenses. The1As stated in the Executive Summary, the Study Group also considered defense against ICBMs launchedfrom Iraq. With the changed political situation arising from the events of the spring of 2003, an ICBMthreat from Iraq seems unlikely for the foreseeable future. Nevertheless, we have retained the analysis ofthe history of Iraq's ballistic missile programs to illustrate the path to ballistic missiles it had taken and thetypes of threats that could emerge from other countries.



S31basis for the choices made by the Study Group is explained in detail in Section 3.4. Herewe summarize these choices and the reasons for them.Development and deployment of a boost-phase missile defense system would be a majorinvestment and would probably take a decade or more to complete. The Study Group there-fore considered long-range missiles and countermeasures that might be �elded by countriesof concern during the next 10 to 15 years, including missiles that might be acquired in re-sponse to prospective or actual deployment of a boost-phase missile defense by the UnitedStates.Guided by the assessments summarized in Sections 3.2 and 3.3, the Study Group chosea liquid-propellant model ICBM having a 240-second boost phase as its baseline liquid-propellant threat missile. This computer model is similar to the �rst liquid-propellantICBMs deployed by the Soviet Union and China. The Group also considered a liquid-propellant ICBM having a 300-second boost phase to facilitate comparison with the resultsof previous studies.The Study Group concluded from the assessments summarized in Sections 3.2 and 3.3that solid-propellant ICBMs may be deployed by countries of concern within the next10 to 15 years, partly as a response to U.S. missile defense programs, and that solid-propellant ICBMs should therefore be considered in the analysis of boost-phase defensesystems presented in this report. The Study Group constructed detailed computer modelsof two solid-propellant ICBMs, each with a boost phase of 170 s. These computer modelsare based on 1960s missile technology and are similar to the �rst solid-propellant ICBMsdeployed by the United States and the Soviet Union. The Study Group also consideredbrie
y a solid-propellant ICBM having a burn time of 130 s, to explore the implications forboost-phase defense systems of faster-burning ICBMs.As discussed in Section 3.3, the U.S. intelligence community estimates that many coun-tries of potential concern have considered ballistic missile defense countermeasures andthat some of these countries will develop countermeasures to U.S. national missile defenseover the next 15 years. Therefore, the Study Group explored possible countermeasures toboost-phase defense in addition to deployment of solid-propellant ICBMs, which is a natu-ral countermeasure. The Group identi�ed several countermeasures that could be developedand deployed using technologies or techniques that have already been used.The U.S. intelligence community has judged that countries of concern may arm thelong-range missiles they are developing with biological or chemical munitions, includingsubmunitions (\bomblets"), as well as nuclear weapons (Section 3.3). The Study Grouptherefore considered missiles armed with chemical, biological, and nuclear warheads, in-cluding submunitions.The U.S. intelligence community has expressed concern that it is becoming increasinglydi�cult for the United States to gather detailed information about the physical characteris-tics and performance of missiles that may threaten the nation, as summarized in Section 3.3.The Study Group therefore considered the e�ects on the performance of boost-phase de-fenses of uncertainties about the physical characteristics and performance of the attackingmissile as well as its intended target and trajectory.The U.S. intelligence community has judged that several countries of concern are techni-cally capable of developing within the next decade the ability to launch short- or medium-range ballistic missiles against coastal regions of the United States from ships or otherplatforms positioned hundreds of kilometers o�shore. The Study Group therefore consid-ered brie
y the feasibility of countering this potential threat using shorter-range, ship-basedinterceptor rockets.



S32 Chapter 3. Ballistic Missile Threats to the United States3.1 Ballistic Missile Capabilities of Selected StatesThis section reviews publicly available information about the ballistic missile programs ofNorth Korea, Iran, and Iraq.2 These countries are not the only ones that could developand deploy ballistic missiles that threaten the United States. As noted earlier, the StudyGroup has made no judgment about which countries or missile programs pose a risk to theUnited States. The Study's emphasis on these countries simply re
ects the concerns thathave been expressed by the U.S. government.North Korea and Iran have tested or deployed short- and medium-range ballistic mis-siles [29, 30]; Iraq had deployed short-range ballistic missiles [29, 30] and had retained somedespite disarmament e�orts by the United Nations [30, 38]. These missiles could be adaptedto attack the United States from ships or other platforms positioned o�-shore [29, 30]. Flighttesting from ships of such missiles could be di�cult to detect, making it harder for theUnited States to know whether a state had developed a sea-launch capability [39]. NorthKorea and Iran also have active programs to develop long-range ballistic missiles [29, 30].For these reasons, their missile programs have attracted attention and concern (see, forexample, Refs. [29, 30, 36]). The missiles discussed in this section, their basic physicalcharacteristics, and some sources of information about them are listed in Table 3.1.Table 3.1. Ballistic Missiles of Selected States of ConcernState Missilea Rangeb Fuel Booster Payloadd Burn Statuse(km) Typec Stages (kg) Time (s)North No Dong [40] 1,300 L 1 1200 110 [41] DKorea Taepo [42] 2,000{2,200 L 2 750{1,000 266[43] TDong-1 [44] (2,500{3,000) (S) (3) (290{500) (293)Taepo [45, 34] 4,000{6,000 L 2 700{1,000 < 230[46] R&DDong-2Iran Shahab-3 [47] 1,300 L 1 1,200 110 [48] TShahab-4f [47] 2,000{3,000 L 1 <1,500 266?[46] R&DIraq Al Hussein [38] 630 L 1 500 | | gaPrimary reference for each missile; supplemental references are listed in other columns.bNumber in parentheses is the estimated range for the three-stage variant of the missile.cL: liquid; S: solid. Parenthetical fuel type refers to the third stage of the missile.dNumber in parentheses is the estimated payload for the three-stage variant of the missile.eR&D: research and development; D: deployed; T: 
ight tested.fSome reports discuss development of Shahab-5 [49] and Shahab-6 [50] missiles, but little information isavailable to con�rm the existence of these programs.gSome reports suggest that 15 to 50 Al Hussein missiles may not have been reported to U.N. inspectionteams; Iraq may have covertly retained these missiles [30, 38].
2As mentioned above, Iraq is included for what it reveals about how countries in the developing worldhave mounted ballistic-missile programs.



3.1. Ballistic Missile Capabilities of Selected States S333.1.1 North KoreaNorth Korea probably has the most advanced ballistic missile program of the countriesthe United States considers to be of concern [51, 34]. North Korea is believed to havebene�ted|perhaps substantially|from foreign assistance by Russia and possibly China [52,53]. However, since 1999, it has observed a voluntary moratorium on missile 
ight tests,although it has continued to work on its Taepo Dong-2 ICBM (see below) [30, 32]. NorthKorea extended the moratorium in September 2002 [54].North Korea's No Dong, which is a medium-range ballistic missile having a range of1,300 km, is an extensive redesign of Scud missile technology [36]. It is the longest-rangeballistic missile that North Korea has so far deployed. The Rumsfeld Commission [36]judged that \. . . the No Dong was operationally deployed long before the U.S. governmentrecognized that fact. There is ample evidence that North Korea has created a sizable missileproduction infrastructure, and therefore it is highly likely that considerable numbers ofNo Dongs have been produced." A key reason North Korea's No Dong capability was notrecognized earlier by the United States was its limited 
ight testing. North Korea conductedonly one 
ight test before the missile was considered operational; the missile has also beentested by Pakistan and Iran. [41, 31].In August of 1998, North Korea launched a Taepo Dong-1 missile with a solid-propellantthird stage con�gured as a space-launch vehicle (SLV) [29, 33, 34]. Although the thirdstage failed, a three-stage version of the missile could hypothetically reach parts of theUnited States with a very small payload. The possibility that North Korea might add athird stage was not appreciated by the United States until the August 1998 space launchoccurred [29, 31, 32].North Korea's Taepo Dong-2, currently under development, is a multiple-stage ICBMthat in some con�gurations would be capable of reaching parts of the United States [30]. Itis estimated that in its basic two-stage con�guration, the missile could deliver a payload of700{1000 kilograms to a range of 4,000{6,000 km, su�cient to strike Alaska and Hawaii [45].With a smaller payload, the missile could have a range as long as 10,000 km, according tothe intelligence community, allowing it to reach some of the contiguous 48 states [30, 32].With a third stage similar to the one used on the Taepo Dong-1 for the 1998 space-launchattempt in a ballistic missile con�guration, it could deliver a smaller payload of at most afew hundred kilograms up to 15,000 km, su�cient to strike all of North America [30, 32].The Taepo Dong-2 has not yet been 
ight tested; a 
ight test would probably be conductedwith it con�gured as an SLV [30, 32].One of the most detrimental aspects of North Korea's missile program has been its e�ecton attempts to limit the spread of ballistic missiles and missile technologies [36]. NorthKorea has become the missile and manufacturing technology source for the ballistic missileprograms of many other countries, especially Iran and Pakistan [30, 32]. The willingnessof North Korea to sell complete systems and components has enabled other countries toacquire longer-range capabilities sooner than they otherwise would have [30].3.1.2 IranIran's ballistic missile program has relied extensively on foreign assistance, particularlyfrom Russia, China, and North Korea [30, 32]. Iran has depended particularly on technicalexpertise from Russia to advance its missile programs [30, 37, 50]. The most advancedballistic missile tested by Iran is the Shahab-3, a medium-range ballistic missile based on



S34 Chapter 3. Ballistic Missile Threats to the United Statesthe North Korean No Dong [30, 32]. It was �rst 
ight tested in July 1998 [47] and wasdeclared ready for service in July 2003 [55].Some reports indicate that Iran is also pursuing development of the Shahab-4 and pos-sibly the Shahab-5 [47, 56, 49]. Little is known about these missiles. According to onesource, the Shahab may be based on the North Korean Taepo Dong [56, 49], although thatconnection is not a widely held view [47]. In addition to North Korean assistance to theShahab program, Iran may have bene�ted from technical information provided by Russiaabout the Soviet SS-4 [47], particularly its mobile launcher [56]. Iran is also known to havereceived solid-propellant technology from other countries [36].3.1.3 IraqIraq worked for decades to establish an indigenous capability to produce ballistic missiles.In 1974, Iraq imported the Scud B from the Soviet Union. In 1987, Iraq began to reverse-engineer the Scud B to create a longer-range missile, although it is still not clear howsuccessful they were. The results of these e�orts were the Al Hussein and Al Abbas [38].The Al Hussein had a range of 600 km and was used extensively during the 1991 Persian GulfWar. The Al Abbas was an attempt to extend the range of the Al Hussein to 950 km [57],but this program is believed to have been terminated to concentrate e�orts on improvingthe Al Hussein [38]. Iraq also began development of the Al Aabed SLV, but it was nevertested [58].Since the Gulf War, Iraq's ballistic missile development program had been hindered byU.N. resolutions and monitoring. However, Iraq continued attempts to gain components,such as gyroscopes from dismantled Russian missiles [59]. It also continued working onmissiles such as the Scud and the Al Samoud, which were claimed to have ranges less than150 km and were thus allowed under U.N. resolutions, to maintain the technical expertiseand infrastructure for missile production [57]. Presumably, Iraq's ballistic missile programended with the fall of the Hussein regime.3.2 Historical Patterns of ICBM DevelopmentHistorical patterns of ICBM development and deployment may be useful in estimating thelikely characteristics of the �rst long-range missiles that would be deployed by North Koreaor Iran if they continue their programs to develop such missiles.Countries beginning development of ICBMs have all used liquid propellants initially,because liquid-propellant rocket technology is easier to master than solid-propellant tech-nology. There has been a steady decrease in the total burn time of the �rst liquid-propellantICBM deployed by a given country during the past 45 years; each new country that �eldeda liquid-propellant ICBM deployed a missile with a shorter burn time for the same pay-load mass and range than the �rst missile deployed by the country that preceded it (seeTable 3.2).The United States was �rst to �eld an ICBM, deploying the Atlas D in 1958. It had apayload of roughly 1.5 to 2 tonnes and a total burn time of 309 s [60], longer than any ofthe missiles in its class that came after it. The much larger Titan II, which was deployed bythe U.S. in 1962, had a payload of 3.5 tonnes and a total burn time of 331 s [61, pp. 456{458], longer than any other missile in its payload class and the longest of any �rst- orsecond-generation ICBM.



3.3. The Changing Context of Missile Development Programs S35Table 3.2. Characteristics of Early ICBMsICBM Deployed Country Range Payload Boost(year) (km) (tonnes) Phase (s)Atlas D [60, 62] 1958 US 12,000 �1.5{2 309 [60]Titan II [61, 63] 1962 US 10,000 �3.5{4 331 [61]SS-6 (R-7) [60, 64, 65] 1960 USSR 8,000(10,000+a) 5.4 (3a) 286 [60]SS-7 (R-16) [66, 65] 1961 USSR 11,000 1.5{2.2 {SS-8 (R-9A) [65] 1965 USSR 12,000 1.7{2.1 {SS-9 (R-36) [67, 65] 1967 USSR 10,000{15,000 4{5.8 280 [60]SS-11 (UR-100) [65] 1966 USSR 11,000{12,000 0.8{1.5 267 [68]DF-5 [69] 1981 China 12,000 3 231 [61]aRange and payload for a longer-range missile.The Soviet Union was the second country to �eld long-range missiles. Its �rst ICBMs hadtotal burn times 20 to 50 s shorter than the �rst U.S. ICBMs, for missiles with comparableranges and payloads. The long-range version of the Soviet SS-6 was deployed in 1960, had apayload of roughly 3 tonnes, and burned out in 286 s, more than 20 s faster than the Atlas D,even though the SS-6 carried a larger payload. The SS-11, which was �elded in 1966 andcarried a 0.8- to 1.5-tonne payload, had a 267-second boost phase, a full 40 s shorter thanthe boost phase of the Atlas D. Larger Soviet missiles followed the same trend. The SovietSS-9 had a payload and range comparable to those of the Titan II, but completed its boostphase in 280 s, 50 s faster than the U.S. Titan II. After the Titan II, the United Statesdeployed only solid-propellant ICBMs, whereas the Soviet Union continued to develop anddeploy liquid-propellant ICBMs.China was the third country to deploy an ICBM. Its DF-5 (CSS-4) was tested in 1971,but was not �elded until 1981, roughly 20 years after the Soviet Union deployed its �rstICBM [70]. The DF-5 had the same range (12,000 km) and twice the payload (3 tonnes)of the SS-11 but completed its boost phase in only 231 s, 36 s faster than the Soviet SS-11and nearly 100 s faster than the U.S. Titan II.To date, no other country has deployed an ICBM. Several have tested or deployed SLVsthat carry only small payloads to ICBM ranges, too small to be considered militarily useful.The closest that any of the three countries considered in this study has come to testing anICBM was when North Korea attempted to launch a satellite using its Taepo Dong 1 in1998. The core two-stage liquid-propellant missile used in this space-launch attempt had arange of only about 2,000 km, but it carried a small solid-propellant third stage to place asmall satellite into orbit. The attempt failed. The total burn time of this cobbled-togetherrocket was 293 s, including substantial time between stages 1 and 2, when the missile wascoasting [44].3.3 The Changing Context of Missile Development ProgramsThe context in which countries of concern are currently developing ballistic missiles di�erssigni�cantly from the context in which they were developed by the United States, the So-viet Union, and China. The countries of concern enjoy a much wider access to technology,



S36 Chapter 3. Ballistic Missile Threats to the United Statesinformation, and expertise that can be and is being used to speed the development anddeployment of nuclear, chemical, and biological munitions, as well as long-range ballisticmissiles capable of delivering them to targets at intercontinental distances [30]. This accessis also being used to develop denial and deception techniques that could impede U.S. intel-ligence gathering about the development and deployment programs of these countries [36].The change in context increases the importance of several factors related to boost-phasedefense, which we summarize here.3.3.1 Di�erences in possible goalsThe motives that North Korea and Iran may have for developing and possibly using ICBMsand the goals they may hope to achieve could be signi�cantly di�erent from the motives andgoals the United States, the Soviet Union, and China had when they developed and deployedsuch missiles [39]. For example, what is required technically for a crude terror weapon is verydi�erent from what is required for a weapon that is militarily useful. Accuracy requirementswould be much less, as would the numbers needed. Safety and reliability might be lessimportant. Consequently there is a possibility that North Korea or Iran might deploy oreven, in some circumstances, launch long-range ballistic missiles against the United Statesthat had been tested very little, if at all [30, 39, 36].3.3.2 Transfer of ballistic missile technology and systemsThe increased transfer of missile technology to and among states that are currently begin-ning to develop long-range missiles has several important consequences:� Countries that are just beginning to develop long-range missiles now have easieraccess to the technologies that were used in early generations of U.S. and Sovietmissiles [36].� Proliferation of ballistic missile-related technologies, materials, and expertise hasenabled emerging missile states to accelerate the development timelines for theirexisting programs, deploy missiles with little, if any, 
ight testing, acquire turnkeysystems to gain previously non-existent capabilities, and lay the groundwork for theexpansion of domestic infrastructures to potentially accommodate even more capableand longer-range future systems [30, 37].� Commerce in ballistic missile and warhead technology and hardware has been grow-ing, which may make proliferation self-sustaining among countries of concern to theUnited States [36]. North Korea has become the manufacturing and technologysource for many missile programs [30]. North Korea has helped countries acquiretechnologies to serve as the basis for domestic development e�orts [30]. Iran is ex-panding its e�orts to sell missile technology [30].� North Korea has been willing to sell complete systems as well as components andhas received help from Russia and probably China [30, 53]. Iran has received crucialassistance from Russia and China, as well as North Korea [30]. Some experts believethere is a possibility that complete, long-range ballistic missile systems could betransferred from one nation to another and that such missiles could be equippedwith nuclear, chemical, or biological warheads [36].



3.3. The Changing Context of Missile Development Programs S373.3.3 Spread of solid-propellant technologySince the 1960s, the trend in ballistic missile programs has been toward development anddeployment of solid-propellant systems because of their reduced logistical requirements andsimplicity of operation. The spread of ballistic missile-related technologies, materials, andexpertise has led to increasingly widespread development of solid-propellant missiles:� Beginning in the mid-1960s, China focused its missile programs on large solid-propellant missiles [37]. It is currently developing three solid-propellant ICBMs: theCSS-X-10 (also called the DF-31), which is now being 
ight tested; a longer-range ver-sion of the DF-31; and the JL-2 submarine-launched ballistic missile [30, 32]. In 2003,China also 
ight tested a 4-stage version of its solid-propellant ICBM [71]. Accordingto the U.S. intelligence community, China has carried out extensive proliferation ofliquid and solid SRBM and MRBS ballistic missiles technology and has provided com-plete missile systems to countries of concern, including Iran and Pakistan [72]. Somebelieve China has sought to compete with Russia, which has dominated commerce inliquid-propellant missiles and technology, by marketing solid-propellant technologyand missiles [37].� Iran, with China's assistance, has developed a solid-propellant rocket infrastructurefor building short-range missiles. It is able to produce short-range rockets on its ownand is seeking long-range solid-propellantmissile technology from outside sources [36].� Pakistan has developed a two-stage, solid-propellant medium-range ballistic missile,the Shaheen II, which reportedly could carry a 1,000-kilogram payload to a rangeof about 2,500 km [30, 32]. (The various types of ballistic missiles are described inAppendix A.) Some experts argue that missiles with signi�cantly increased perfor-mance could be based on the more modern, all-solid design of the Shaheen II, or onolder liquid-propellant technologies [37, p. 8].� There has been considerable commerce in medium- and short-range solid-rocket tech-nology from supplier nations particularly Russia, China, and North Korea to Iran,Iraq, Pakistan, and possibly others [30, 72]. According to the intelligence commu-nity, the Chinese, who have developed or acquired this technology and are using itin their space and military rocket programs, are providing it to several countriesof concern [72, 36, 37]. It is possible that the several decades that it took Russiaand China to develop reliable ICBM-class solid rockets could be shortened for thosecountries if they receive technical assistance.� The North Korean Taepo Dong 1 was launched with a solid-propellant third stagein 1998, although it failed [30].Based on these developments and intelligence estimates, the Study Group concluded thatcountries of concern might deploy solid-propellant ICBMs within 10 to 15 years, if they wereable to purchase or otherwise acquire solid-propellant missiles or technology from countrieswith more advanced missile programs.3.3.4 MunitionsCountries that are developing long-range ballistic missiles could arm them with biologicalor chemical weapons [52]. These weapons could take the form of a single, large warhead or



S38 Chapter 3. Ballistic Missile Threats to the United Statesdozens or hundreds of bomblets [36]. The knowledge needed to design and build a nuclearweapon is now widespread [73], and emerging ballistic missile powers may gain access tothe needed �ssile material through domestic e�orts and foreign channels [36].The U.S. intelligence community judged in the mid-1990s that North Korea had pro-duced enough plutonium for one or possibly two nuclear weapons [73]. The status of NorthKorea's nuclear program remains an open question. North Korea also has chemical andbiological weapons programs [30].The U.S. intelligence community judges that Iran does not yet have a nuclear weapon [30].Most agencies assess that it could have one by the end of the decade; the time required couldbe reduced by several years with foreign assistance [30]. Iran has biological and chemicalweapons programs [30].Prior to 1990, Iraq had a crash program to develop a nuclear weapon for delivery byballistic missiles, but bombing by coalition forces during the 1991 Gulf War and subsequentdisarmament activities by the International Atomic Energy Agency (IAEA) and the UnitedNations Special Commission (UNSCOM) set back the e�ort signi�cantly [30]. In 2001, theU.S. intelligence community estimated that, if unrestrained, Iraq would have been able toproduce within a few years enough �ssile material to make a nuclear weapon [30]. Iraqadmitted to having biological and chemical weapons programs before the 1991 Gulf Warand was thought to have maintained those programs [30]. However, all of Iraq's nuclear,chemical, and biological weapon programs presumably ended in 2003 with the second GulfWar and the fall of the Hussein regime.3.3.5 CountermeasuresThe U.S. intelligence community judges that many countries with ballistic-missile programs,including North Korea, Pakistan, Iran, India, and China, probably have considered ballistic-missile-defense countermeasures [29]. Historically, the development and deployment ofmissile-defense systems has been accompanied by the development of countermeasures andpenetration aids by potential adversaries, either in reaction to the threat or in anticipationof it [29]. The Russians and Chinese have had countermeasures programs for decades andmay be willing to transfer some related technology to others [29]. The U.S. intelligencecommunity expects that countries of concern that are developing long-range ballistic mis-siles will respond to the U.S. national missile defense program by deploying penetrationaids and countermeasures [29].3.3.6 UncertaintiesAccording to recent reports [29, 30, 36], the U.S. intelligence community's ability to providetimely and accurate estimates of ballistic missile threats to the U.S. is eroding. As a result,the prospects that the U.S. will have advance knowledge of the detailed characteristics andperformance of newly deployed threatening ballistic missiles are being reduced. This erosionof warning time has several implications.� Deception and denial e�orts are intense, and U.S. collection and analysis assets arelimited. These factors create a high risk of continued surprise [36]. There are plausiblescenarios that could result in an increased missile threat to the United States forwhich there would be little or no warning [34].



3.4. Implications for the Study S39� In particular, the U.S. intelligence community judges that it may not be able toprovide much warning if a country purchases an ICBM or already has a space-launchcapability [29, 34]. In some scenarios|including re-basing or transfer of operationalmissiles, sea- and air-launch options, shortened development programs that mightinclude testing in a third country, or some combination of these|the U.S. mighthave little or no warning of an operational deployment [36]. The U.S. intelligencecommunity may not be able to provide much, if any, warning of a forward-basedballistic-missile threat to the United States, such as would be posed by forward sea-basing of short-range ballistic missiles or medium-range ballistic missiles [29].� The U.S. intelligence community has more con�dence in its ability to warn of e�ortsby countries to develop ICBMs than to describe accurately the missile con�gurationsthat will comprise the threat [29]. For example, North Korea test �red the TaepoDong-1 missile roughly on the timetable projected by the U.S. intelligence commu-nity, but with a completely unanticipated vehicle con�guration that included a thirdstage [29].3.3.7 Forward-based sea-launch of Short-Range Ballistic Missiles (SRBMs) orMedium-Range Ballistic Missiles (MRBMs)According to the U.S. intelligence community, several countries of concern have the technicalexpertise required to develop ballistic missiles launchable from a forward-based platform,such as a surface ship positioned o� a U.S. coast [29, 30, 34]. Forward-basing on dedicatedvessels or freighters could pose a new threat to the United States in the near term|wellbefore 2010 [34].An SRBM or MRBM could be launched against the United States from a forward-basedsea platform positioned in international waters within a few hundred kilometers of U.S.coastal regions. According to the U.S. intelligence community [29, 30, 32], using such a seaplatform would not pose major technical problems and would be much less technologicallydemanding than launching an ICBM attack. Although the accuracy of the missile probablywould be reduced signi�cantly because of the movement of the ocean's surface, it wouldprobably still be better than that of some early ICBMs [29, 30]. Adapting missiles forlaunch from a commercial ship could be accomplished covertly, and probably with little orno warning [34]. Much of the population, commerce, and infrastructure of the United Statesis located within 100 km of its East and West coasts and would therefore be vulnerable tosuch an attack.Sea launch of shorter-range ballistic missiles could enable a country to pose a directterritorial threat to the United States sooner than it could by developing an ICBM forlaunch from its own territory [36]. Sea-launching could also allow a country to target alarger area of the United States than it could with a missile �red from its home territory [36].3.4 Implications for the StudyThe Study Group used the information summarized in Sections 3.2 and 3.3 to de�ne (1) thecharacteristics of the ballistic missiles considered in the Study, (2) possible countermeasuresthat might be employed by states of concern, and (3) the uncertainties a missile defensewould likely encounter. This section summarizes these decisions and the basis for them.The Study Group decided to model a spectrum of ICBMs that might be developedor acquired by countries of concern during the next 10{15 years, including solid-propellant



S40 Chapter 3. Ballistic Missile Threats to the United StatesICBMs that might be deployed in response to prospective or actual �elding of a boost-phaseintercept missile defense system by the United States.3.4.1 Liquid-propellant ICBMsThe �rst ICBMs that might be deployed by countries of concern are likely to use liquidpropellants, because this technology is easier to master. The Group chose a liquid-propellantmodel ICBM with a 240-second boost phase as its baseline liquid-propellant long-rangethreat missile. This model is similar to the �rst liquid-propellant ICBMs deployed by theSoviet Union and China 20 to 40 years ago.To facilitate comparisons with previous studies, the Study Group also considered aliquid-propellant ICBM with a 300-second boost phase.These choices were made for the following reasons:� Each new country that has �elded a liquid-propellant ICBM has deployed a missilewith a shorter burn time for the same payload mass and range than the country thatpreceded it (Section 3.2).� The boost phases of the �rst liquid-propellant ICBMs deployed (in the mid-1960s)by the Soviet Union lasted 265 to 285 s (Section 3.2). The boost phase of the �rstliquid-propellant ICBM tested (in 1971) and deployed (in 1981) by China lasted onlyabout 230 s (Section 3.2).� The transfer of ballistic-missile technology from Russia and China is playing animportant role in the development of missiles by states of concern (Section 3.3).� The historical trend toward faster-burning liquid-propellant ICBMs combined withthe ongoing transfer of ballistic-missile technology from Russia and China to countriesof concern suggests that the next new ICBM is likely to have a boost phase no longerthan the �rst ICBMs deployed by Russia and China.� The studies of boost-phase intercept that have been published in the open liter-ature [74, 75, 76] considered liquid-propellant ICBMs and examined missiles withboost phases as long as the 330-second boost phase of the U.S. Titan II.� The boost phase of the Titan II is substantially longer than that of any other �rst- orsecond-generation liquid-propellant ICBM (Section 3.2). Such a long boost phase re-duces signi�cantly the performance requirements for any boost-phase missile defensesystem (Chapter 5). It therefore seemed imprudent to base the Study's analysis ofliquid-propellant ICBMs on such an extreme example.� Comparing results with previous studies is useful. Consequently, the Study Groupconsidered|but did not analyze in detail|a liquid-propellant model ICBM with a300-second boost phase, even though the Group judged that deployment of a newliquid-propellant ICBM with such a long boost phase is unlikely.3.4.2 Solid-propellant ICBMsBased on unclassi�ed intelligence community statements, the Study Group concluded thatcountries of concern might develop or acquire solid-propellant ICBMs within 10 to 15 years



3.4. Implications for the Study S41and that it would therefore be imprudent not to consider such ICBMs in evaluating the feasi-bility of the boost-phase defense systems. The Study Group constructed detailed computermodels of two solid-propellant ICBMs having 170-second boost phases. These computermodels are based on 1960s solid-propellant missile technology and are similar to the �rstsolid-propellant ICBMs deployed by the United States and the Soviet Union.The Study Group also considered|but did not analyze in detail|a solid-propellantICBM with a burn time of 130 s, to explore the implications of faster-burning ICBMs forboost-phase defense systems.These choices were made for the following reasons:� Although they are somewhat more technically challenging than liquid-propellant mis-siles, solid-propellant missiles are inherently attractive because of their reduced lo-gistical requirements and simplicity of operation.� The short durations of solid-propellant missiles' boost phases increase the perfor-mance required of a boost-phase defense system (Chapter 5).� Solid-propellant ICBMs have shorter boost phases than liquid-propellant ICBMsfor the same payload mass and range. Hence acquisition and deployment of solid-propellant ICBMs is an e�ective countermeasure to boost-phase defenses.� Countries of concern may seek to deploy solid-propellant ICBMs in response toprospective or actual deployment of a boost-phase intercept missile defense systemby the United States, just as all previous countries with ICBMs have developedcountermeasures when facing the possible deployment of a ballistic-missile defense.� China has for more than 30 years concentrated its long-range missile developmente�orts on solid-propellant ballistic missiles, has tested such ICBMs, and has beena provider of solid-rocket technology to countries of concern (Section 3.3). It isnow 
ight testing the CSS-X-10 ICBM (also called the DF-31) and has recently
ight tested a four-stage solid-propellant rocket capable of orbiting a 100-kg payload(Section 3.3).� The transfer of ballistic-missile-related technologies, materials, and expertise has ledto the spread of solid-propellant missile technology (Section 3.3).� North Korea, Iran, and Iraq have received solid-propellant missile technology forshort-range missiles from supplier nations (Section 3.3). North Korea and Iran havedeveloped and tested such rockets (Section 3.3).� Pakistan has developed a two-stage, solid-propellant medium-range ballistic missile,the Shaheen II, which reportedly could carry a 1,000-kilogram payload to a range ofabout 2,500 km (Section 3.3).� Pakistan has received solid-propellant ballistic missile technology from supplier coun-tries and has an extensive short- and medium-range solid-propellant ballistic missileprogram(Section 3.3).� Countries of concern could deploy solid-propellant ICBMs within the next 10{15years if they were able to purchase or otherwise acquire solid-propellant missiles ortechnology from countries with more advanced missile programs (Section 3.3). It



S42 Chapter 3. Ballistic Missile Threats to the United Statesis possible that a complete, long-range ballistic missile system could be transferredfrom one nation to another (Section 3.3).� The accelerations of the upper stages of solid-propellant ICBMs may vary signi�-cantly (Chapter 15). It therefore seemed prudent to analyze the implications forboost-phase defenses of two di�erent upper-stage designs.3.4.3 CountermeasuresIn addition to deployment of solid-propellant ICBMs, which is a natural countermeasureto any boost-phase defense, the Study Group identi�ed several other countermeasures thatcould be developed and deployed using technologies or techniques that have been alreadyimplemented for one reason or another (Chapter 9).Illustrative countermeasures were identi�ed for the following reasons:� It has been claimed that there are no countermeasures to a boost-phase defense. Thecountermeasures identi�ed by the Study Group show that this statement is incorrect.� The U.S. intelligence community estimates that many countries of potential con-cern have considered ballistic-missile-defense countermeasures and that some of thesecountries will develop countermeasures to national missile defense over the next 15years (Section 3.3).3.4.4 MunitionsThe Study Group considered missiles armed with chemical and biological warheads, includ-ing submunitions (\bomblets"), as well as missiles with nuclear warheads.These di�erent types of munitions were considered for the following reason:� The U.S. intelligence community judges that countries of concern that are developinglong-range missiles may arm them with biological or chemical munitions, includingbomblets, as well as nuclear weapons (Section 3.3).3.4.5 UncertaintiesThe Study Group considered the e�ects on the performance of boost-phase defenses ofuncertainties about the physical characteristics and performance of the attacking missile,as well as its intended target and trajectory.The e�ects of such uncertainties were considered for the following reasons:� Such uncertainties can signi�cantly degrade the performance of a boost-phase inter-cept system (Chs. 4 and 5).� Some countries of concern appear willing to deploy a missile after just a single test
ight, which makes it more di�cult for the United States to gather detailed informa-tion about the physical characteristics and performance of the missile and its possiblecountermeasures (Section 3.3).� The U.S. intelligence community has expressed concern that testing may occur ina third country, that operational missiles may be transferred, and that the UnitedStates might therefore not know of a deployment much before a missile is launched(Section 3.3).
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Chapter 4Kinetic-Kill Engagement FundamentalsContents4.1 ICBM Characteristics Key to This Analysis . . . . . . . . . S484.1.1 Trajectory variation . . . . . . . . . . . . . . . . . . . . . . . . S484.1.2 Payload deployment . . . . . . . . . . . . . . . . . . . . . . . . S514.2 E�ect on Impact Range of Terminating Missile Thrust . . S524.3 Surface-Based Interceptors . . . . . . . . . . . . . . . . . . . S534.4 Engagement Timelines . . . . . . . . . . . . . . . . . . . . . . S544.5 Terrestrial Planar Engagements . . . . . . . . . . . . . . . . S554.6 Non-planar Engagements and Interceptor Basing Areas . . S584.7 Space-Based Engagement of ICBMs . . . . . . . . . . . . . . S604.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S61Intercepting a ballistic missile during its boost phase requires, �rst, an interceptor thatcan deliver a kill vehicle close to the target quickly enough, and with a velocity that isadequate in both speed and direction, to permit the kill vehicle to maneuver to hit thetarget. Second, it requires a kill vehicle that can home on and hit the target, disabling ordestroying it, even as the target accelerates unpredictably.This chapter explains how the interceptor performance and basing required to accom-plish the �rst task|getting to the target in time|can be determined. We do this by ana-lyzing engagements of the model ICBMs (Chapter 15) with the model interceptors (Chap-ter 16), and using the results from the analysis of missile warning and tracking systems(Chapter 10). The trajectories of the missiles and interceptors were computed as describedin Appendix B. The sensor and kill-vehicle performance, kill-vehicle sizes and masses, andinterceptor masses needed to accomplish the second task|homing on and disabling thetarget|are investigated in Chapters 11, 12, and 14. The methods described here are usedin the next chapter (Chapter 5) to explore the possibilities for terrestrial-based interceptorsto protect the United States in various geographical scenarios, and to analyze the problemof debris from an intercept harming other countries. Chapter 6 examines the unique re-quirements and trade-o�s between system performance and requirements for space basingof boost-phase interceptors.The purpose of the engagement analysis presented here is to determine the spatialand kinematic relationships between the threat trajectories with their variations, intercep-tor launch-time constraints imposed by threat detection and tracking, interceptor 
y-outS47



S48 Chapter 4. Kinetic-Kill Engagement Fundamentalsperformance, and threat impact constraints that determine when during threat burn theintercept must occur to protect the defended area. This analysis provides a method fordetermining the interceptor \reach"|the distance that the interceptor can travel withinthe time available|needed for any combination of interceptor, ICBM, impact constraint,�ring time, and geography. Interceptor ground range|the projection of interceptor reachon Earth|can then be used to calculate basing areas, i.e., the area in which an interceptormust be located to intercept an ICBM in time to prevent it from hitting a defended area.The engagement analysis starts with the models of trajectories for the postulated ICBMs(Chapter 15) and shows how the impact ranges of those missiles are a�ected when thrustis terminated early. Next it introduces a simpli�ed geometric model of an engagementwhere the ICBM and terrestrial-based interceptor are in the same plane to demonstratehow interceptor ground range (the distance from the interceptor launch point to a point onEarth directly beneath the intercept point) and target ground range (the distance from thethreat missile launch point to that point on Earth directly beneath the intercept point) aredeveloped for any engagement. Applying this model, the chapter then illustrates, for anyset of geographical constraints, how to calculate the ground ranges of the interceptor andthe target for di�erent intercept times with several engagements, using the model ICBMtrajectories and the interceptor 
yout envelopes or \fans" developed in Chapter 16. Then,a more generalized model is developed for calculating interceptor ground ranges and basingareas for non-planar engagements, which is applied to postulated geographic scenarios inthe next chapter.Many of the engagement issues are common to all interceptors, but space basing requiresa separate discussion of the engagement issues unique to that basing mode. This chapterconcludes with a discussion of the methods used to analyze those space-basing issues.The engagements in this chapter assume that the time delay from threat launch untilinterceptor launch provides exact information about the threat missile trajectory and thatconstraints on the location of interceptors relative to the threat are parametric rather thangeography-speci�c. The parametrics must eventually take into account the geographic sce-narios used later. In Chapter 5, the procedures developed here are applied to real situationsand those assumptions are dropped. Other simpli�cations used in this chapter, includingthe assumption that the intercept is successful if the interceptor reaches the target mis-sile, are valid for these analyses, as long as the interceptor kill vehicle has the capabilitiesdescribed in Chapter 12.4.1 ICBM Characteristics Key to This AnalysisIn carrying out this analysis, we used three di�erent models of o�ensive missiles (Chap-ter 15). These include a two-stage liquid-propellant ICBM that burns for 240 s maximum,and two solid-propellant three-stage ICBMs that burn for a maximum of 170 s. The boosttrajectory pro�les for these three missiles are shown in Figs. 4.1, 4.2, and 4.3.4.1.1 Trajectory variationBoost-phase defense systems are sometimes analyzed assuming that attacking ICBMs 
ytheir maximum-range trajectories. Figures 4.1, 4.2, and 4.3 show the boost-phase trajec-tories to burnout. However, a given ICBM model launched from a particular launch siteagainst a target at less than its maximum range generally could terminate its thrust earlyor 
y any of a broad range of boost-phase trajectories. The latter could include trajectories
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own to expend excessenergy to hit a particular target.1Evasive maneuvers may be employed to achieve either or both of two basic goals: (1) toforce the defensive system's interceptors to travel farther in essentially the same time,restricting the areas where interceptors could be based and/or (2) to cause the interceptors'kill vehicles to exhaust their propellant without achieving intercept. The e�ect of evasivemaneuvers on the reach of interceptors is considered in this chapter; the e�ect of suchmaneuvers on the ability of the kill vehicle to hit the target rocket is analyzed in Chapter 12.As shown in Fig. 4.4, an attacker could program the ICBM to maneuver after it is out ofthe atmosphere to 
y any trajectory within a fairly large conical volume in space centeredon the maximum-range trajectory, with only a modest reduction in the missile's range. Forexample, any of the model ICBMs considered here could easily change its azimuth by � 10degrees without changing the range to defended area targets dramatically. Consequently,there can be a total uncertainty of 20 degrees in the azimuth of the intended target.From North Korea, Iran, or Iraq, the azimuth spread for trajectories to the U.S, Eastand West Coasts is approximately 40 degrees. This means that missiles apparently aimed atthe eastern half of the United States could divert to U.S. and Canadian population centersanywhere within that 20 degrees. Similarly a missile aimed at the western half of the nationcould divert to within that 20 degree uncertainty to anywhere in the western United Statesand in addition could divert even more to threaten most of Alaska.1Solid-propellant rocket motors normally burn until the propellant is exhausted but to hit a target closerthan its maximum range, the thrust of a solid-propellant missile would have to be terminated while itspropellant continues to burn. Alternatively, it could 
y dog-legs or execute other maneuvers designed toexpend excess energy during its boost phase (see Chapter 15), to obfuscate a missile's intended target or
ight path, or to evade interceptors.
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ight path angle after the aerodynamicshield that protects the warhead is ejected. (The numbers for the trajectory are keys for the text inChapter15.) The large-scale trajectory variations shown reduce the range of the missile by at most12 percent of its maximum range. Out-of-plane deviations by similar distances reduce the range bya similar amount. Trajectory variations like these are also possible for the liquid-propellant ICBMmodel L and solid-propellant ICBM model S2, with similar range penalties. The volume in spacethat these trajectories span represents the volume that interceptors must be able to cover to ensurethat a boost-phase intercept is possible.The point to be made here is that this uncertainty must be considered in the requiredtime of intercept. (A 50 percent reduction would still allow any of the model ICBMs used inthe Study to attack targets anywhere in Alaska from launch sites in North Korea.) Dog-legs,like any unpredicted maneuvers, must be dealt with by the kill vehicle's own capability tochange its velocity (see Chapter 12).4.1.2 Payload deploymentAn ICBM's munitions and devices to aid in penetrating any defenses (\penetration aids")can be deployed in a variety of ways (see Chapters 15 and 9 and Appendix A). The simplestis to release the payload after the propellant of the missile's �nal boost stage has beenexhausted or its thrust has been terminated, but while its attitude is still under control.However, it is also possible to deploy multiple warheads and penetration aids while therocket motor of the �nal stage is still burning. Historically this has been done by ejectingwarheads from the accelerating �nal boost stage. Consequently, when determining the latesttime a given missile can be intercepted, we assume its warheads could be deployed at anytime during �nal-stage boost, as well as at burnout.No matter how a missile's munitions are deployed, the only way to be certain of pro-tecting the defended area is to intercept the missile before it has achieved a velocity thatwould carry its munitions to that area.



S52 Chapter 4. Kinetic-Kill Engagement Fundamentals4.2 E�ect on Impact Range of Terminating Missile ThrustThe fundamental principle of boost-phase defense is that missiles intercepted before theyachieve their intended �nal velocity will fall short of their intended targets. The degree towhich a missile's range will be shortened depends on the speci�c design of the missile andhow soon before burnout it is intercepted. For hit-to-kill interceptors, longer threat missileburn times translate into greater interceptor reach and more 
exibility in where they canbe based.Figure 4.5 shows the e�ect on range for our three model missile types as a function ofthe time when the thrust is cut o�, expressed as the time before normal burnout. The rangeof liquid-propellant ICBM L is much more sensitive to terminating thrust than either of thesolids, which is a direct result of the large acceleration that it receives near the end of thesecond-stage burn, as shown in Chapter 15. For example, terminating the thrust of ICBML only 20 s before burnout cuts the range of the missile by 70 percent. In contrast, therange of solid-propellant ICBM S1 is reduced by less than 50 percent.The curves in Fig. 4.5 are used for the analysis in this chapter and the next to determinewhen a speci�c type of missile must be intercepted before it can reach the defended area.The uppermost shaded areas on the right shows when the missiles must be disabled to defendthe eastern or western portions of the United States from missiles launched by North Koreaor the Middle East. Other shaded areas show when the missile must be disabled to avoidfalling on other countries. The darkest areas on the right-hand side of the �gure indicate\safe" impact zones where disabled missiles would fall in the open ocean. These safe impactzones can be easily related to intercept times for each threat missile type on the left portionof the �gure.
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4.3. Surface-Based Interceptors S53Table 4.1. Model InterceptorsaModel Vbo tb Length Diameter Mass(km/s) (s) (m) (m) (tnb)I-1 1.7 47 7.9 0.34 1.6I-2 5.0 47 6.4 0.53 2.3I-3 6.7 75 16.5 1.25 14.6I-4 6.5 40 15.5 1.6 16.9I-5 10 45 20 3 65.6atb is the total duration of the boost phase. Vbo isthe burnout velocity if the missile were �red vertically,taking into account the e�ects of gravitational andaerodynamic drag forces (see Appendix B). For furtherdetails, see Chapter 16.btn= metric tonne = 1.1 ton.It should be noted that the �gure assumes defense knowledge of the acceleration pro�lesand staging of the attacking missile. In reality, there is uncertainty in that knowledge. Forexample, the two solid-propellant ICBMs modeled in the �gure, S1 and S2, have the samemaximum range (12,000 km) and total burn times (170 s), yet their impact ranges di�ersigni�cantly for the same cuto� time before burnout. The reason for this di�erence is thatthe missiles have di�erent staging ratios, particularly for the third stage, from which S2 getsmore of its acceleration. Secondly, normal variations in propellant burn rates can easily be� 10 percent. The defense must provide margin in reach to accommodate such variations.These constraints are considered in detail in Chapter 5 for terrestrial-based engagementsand must also be considered for space-based engagements.4.3 Surface-Based InterceptorsFive di�erent computer models of interceptor missiles were developed by the Study Group(see Chapter 16). The basic physical and performance characteristics of the interceptorsare listed in Table 4.1. The models were constructed to explore the range of capabilitiesrequired in several proposed system architectures. The physical sizes of these interceptorsare illustrated in Fig. 4.6. Figure 4.7 shows a 
yout fan of planar trajectories and theacceleration pro�le calculated using the computer model of the 6.5-km/s interceptor I-4.The engagements we analyzed were selected to illustrate the sensitivity of the outcometo the performance of the ICBMs and interceptors, as well as the �ring doctrine adopted.We also investigated engagements of shorter-range ballistic missile models M-1 and M-2by interceptor I-1 to understand the potential of an existing air-defense interceptor againstmedium-range missiles launched o� U.S. coasts (Chapter 5).In this chapter, we illustrate our analytical approach with two engagements: intercep-tor model I-4 against liquid-propellant ICBM model L, and interceptor I-5 against solid-propellant ICBM model S1.



S54 Chapter 4. Kinetic-Kill Engagement Fundamentals4.4 Engagement TimelinesOur analysis assumes that the missile launch is detected by space-based infrared sensorsafter the missile achieves an altitude of 7 km which is above almost all of the water vaporin the atmosphere (see Chapter 10). The liquid-propellant ICBM modeled in this studyreaches that altitude 45 s after launch. The solid-propellant missiles S1 and S2 rise faster,reaching 7 km in about 30 s. After about 15 s of tracking the solid-propellant missile,the defense is assumed to have the minimum amount of information to determine the �rstpredicted engagement point and launch an interceptor. (This assumes that the UnitedStates has deployed a system similar to the SBIRS-High, as discussed in Chapter 10.) Theliquid-propellant ICBM requires 20 s of tracking, longer than the solid-propellant ICBM,because at an altitude of 7 km, it is moving more slowly and on a more vertical trajectory.For the most optimistic case, we assume that the interceptors are �red as soon as themissile detection and tracking system has enough information to con�rm that a potentiallythreatening rocket is in 
ight and to construct a �ring solution. We refer to this as the\zero decision time" case. Under this optimistic scenario, the �ring time for an interceptoris 65 s after launch for the liquid-propellant missile (45 s to detect and 20 s to establisha preliminary track) and 45 s after launch for the solid-propellant missiles (30 s to detectand 15 s to track). This �ring doctrine would give the interceptors the greatest possibleopportunity of achieving an intercept, but provides no margin, or \battlespace," that wouldallow replacing interceptor failures. In the next chapter we consider both the zero-decision-time case, as well as the e�ect of delaying the decision to �re by 30 s.

6.7 km/s

I-3I-2
5 km/s 6.5 km/s 10 km/s

I-4 I-5Figure 4.6. Interceptor models used in the Study. The basic physical and performance characteristicsof these interceptors are listed in Table 4.1. Further details are given in Chapter 16.
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Figure 4.7. Flyout fan of trajectories and the acceleration pro�le for the 6.5-km/s interceptor I-4.4.5 Terrestrial Planar EngagementsTo intercept an ICBM during boost, the interceptor and the ICBM must arrive at the samepoint in space at the same time, and that point must be on the threat boost trajectorybefore the ICBM achieves the velocity necessary to hit a defended area. Modeling thisengagement requires solving the complex simultaneous trajectory equations for missile andinterceptor in the same reference frame.The easiest way to both model and visualize the ability of our model interceptors to reachthe accelerating target is by simulating a series of planar engagements in the con�gurationillustrated in Fig. 4.8. These planar engagements allow understanding the engagementspace as a function of the distance of the interceptor launch platform and the location ofsensors relative to the target missile launch sites, as well as the detection and tracking timesrequired for an initial interceptor �ring solution, assuming perfect kill-vehicles performance.In Fig. 4.8, the threat missile is launched from point M. The interceptor is subsequently�red from the interceptor-basing point, F. If the intercept is successful, the interceptor andthe threat missile arrive simultaneously at the intercept point IP. The ground interceptpoint P is the point on Earth's surface directly below IP. The threat missile's ground range(TGR) is the distance it moves over the surface of the Earth to the intercept point, and the
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Figure 4.8. Geometry of a planar engagement.interceptor ground range (IGR) is the corresponding distance for the interceptor.The engagement analysis provides input values for the tracking sensor analysis presentedin Chapter 10. It also provides the maximum closing velocity and range to the predictedintercept point as a function of time essential for establishing the requirements for the killvehicle performance, as discussed later in Chapter 12. In this chapter, however, we areinterested only in whether the interceptor is capable of reaching the predicted interceptpoint in the required intercept time.Two examples of the engagement simulation output are shown in Fig. 4.9. We used theinterceptor and ICBM 
yout trajectories described above to model planar engagements.Those planar engagements display the 
yout fan (range and altitude as a function of time)of candidate interceptors generated with the simulation models. Each is plotted on thesame display with an opposing threat trajectory positioned at any stando� range desired.(The stando� range is the distance between the threat missile launch point and the basinglocation of the interceptor. In the planar case it is simply IGR + TGR.) By adjustingthis stand-o� range, we can evaluate the ability of any candidate interceptor to intercept athreat at any speci�c time on the threat trajectory by comparing the 5-second time tickson the threat trajectory with the time contours of the interceptor 
yout, allowing for thedelay in interceptor launch from threat launch.In Fig. 4.9, the trajectories of the target missile start from their launch point at theright-hand side of the �gure and curve upward to the left. The ICBM launch point is at anarbitrarily chosen interceptor stando� distance of 1,000 km. The interceptor is �red fromthe origin. \Fans" of possible 
yout trajectories for the interceptor are shown rising fromthe lower left-hand corners of the �gure. The arcs that traverse the interceptor trajectoriesare contours of constant elapsed time from the moment the interceptor is �red.In the particular example shown in Fig. 4.9, top, a 6.5-km/s interceptor (I-4) is launchedagainst a 240-second, liquid-propellant ICBM model L from a stando� distance of 1000 km.The interceptor is �red 65 s after the missile is launched, consistent with the zero-decision-time case for liquid-propellant ICBM L, as described in the previous section. The 
yout fanis shown having 10-second contours. Figure 4.9 can be used to determine graphically theearliest intercept that is possible by matching target missile time ticks to interceptor timecontours for the desired reach to the intercept point, accounting for the time delay fromtarget missile launch to interceptor launch.This process can be demonstrated by calculating the earliest intercept point for the set



4.5. Terrestrial Planar Engagements S57

0

100

200

300

400

500

600

0 200 400 600 800 1000

175 s

160 s

140 s

120 s110 s

100 s

90 s

80 s

130 s

150 s

interceptor ground range (km)

interceptor ground range (km)

al
tit

ud
e 

(k
m

)
al

tit
ud

e 
(k

m
)

earliest intercept

0

100

200

300

400

500

600

700

0 200 400 600 800 1000

120 s

110 s

100 s
90s

80s

lofted ICBM S1
max.Range ICBMS2

max. range ICBMS1

earliest intercepts

Figure 4.9. Engagement diagrams for planar engagements, 1000-km stando� distance. Top:liquid-propellant ICBM model L engaged by the 6.5 km/s interceptor I-4 �red 65 s aftermissile launch. The ICBMs are launched from 1000 km, and the interceptors are �red from0 km. A series of possible interceptor trajectories is shown. The tick marks on the ICBMtrajectory are at 5-second intervals. The earliest possible intercept point is encircled. Thecurves show the interceptor positions at the times indicated, measured from the time theinterceptor is �red. The shaded regions along each trajectory correspond to \safe" zonesdepicted for the North Korean launches shown in Fig. 4.5 Bottom: solid-propellant ICBMmodels S1 and S2 engaged by the 10-km/s interceptor I-5 �red 45 s after missile launch.of parameters in the �gure. This point is where the time contour of the interceptor plusthe �ring delay time crosses the equivalent time tick on the ICBM trajectory. In Fig. 4.9(top), they are roughly equivalent 210 s into the ICBM's powered 
ight and 145 s afterinterceptor launch (210 s minus the 65-s �ring delay). The earliest intercept point for eachICBM trajectory is encircled and occurs about 30 s before the propellant of the ICBM's



S58 Chapter 4. Kinetic-Kill Engagement Fundamentalssecond stage would be depleted. According to the �gure, the earliest intercept would beat an interceptor ground range (IGR) of about 620 km. The corresponding target groundrange at intercept would be about 380 km.If intercepting the ICBM 30 s before burnout is not soon enough to prevent debris andwarheads from striking the defended area, the interceptor must be located closer to theICBM launch point. Graphically, the ICBM launch point would be moved to the left untilthe equivalent time contours and ticks correspond to the intercept time required to protectthe defended area. Conversely, the interceptor could be moved farther away (the ICBMlaunch point slid to the right in the �gure) if the intercept could occur later and still dropthe missile debris short of the defended area.In short, Fig. 4.9 graphically solves the two complex sets of simultaneous equations forthe intercept time for a planar engagement. Using this basic approach, a straightforwardmethod for determining the e�ect of changing the time between target missile launch andinterceptor launch will be shown in Chapter 5. Such a change could re
ect either an earlieror later detection of the target missile, or a longer decision time. Moreover, by sliding theinterceptor 
yout fan to greater or lesser distance, approximate interceptor ground rangerequired to intercept this target missile at an earlier or later time can be determined. Notethat Fig. 4.9 shows the ICBM trajectory to burnout. In most cases, however, a missilewould have to be intercepted before burnout to assure that debris from the collision doesnot strike the United States. With a suitable map or globe, the country and location fromwhich an ICBM is launched, the missile's azimuth, and trajectory pro�le and the area tobe defended, one can determine when intercept must occur to protect a defended area, andfrom this one can determine both the TGR and the IGR. By examining the trajectory indetail, one can also determine what intercept times should be avoided to prevent a disabledmissile from striking other territory. (These times can be found graphically from the shadedzones in Fig. 4.5).In general, and interceptor trajectory will not lie in the same plane as the missile tra-jectory, so that the co-planar geometry is a special case. However, from an analysis ofco-planar engagements, it is a straightforward matter to analyze non-planar engagements.Knowing the required ground ranges, we can use the planar engagement simulation todetermine what size interceptor can meet the requirement for candidate defense-basing lo-cations at sea, ashore, or in the air. While interceptor reach is two-dimensional in range andaltitude, it is convenient to use IGR and TGR as key engagement measures of interceptorreach and threat position, as illustrated in Fig. 4.8, because ground range can be directlyrelated to basing areas constrained by actual geography in any scenario. A look at anyof the interceptor 
youts shows that at the altitudes where boost-phase intercepts occur,the interceptor 
yout time contours change very little with altitude, making IGR a validmeasure of reach.4.6 Non-planar Engagements and Interceptor Basing AreasUp to this point we have considered only planar engagements; that is, engagements in whichthe planes of the target missile and interceptor trajectories coincide. In most cases, however,the trajectories of the target missile and interceptor will lie in di�erent planes.Fortunately, the planar case can be easily generalized to the non-planar case becausethe IGRs are the same, de�ned only by the characteristics of the interceptor and the timeavailable to intercept the missile and independent of the relationship between the trajectoryplanes of the interceptor and the target. In other words, the interceptor could be rotated
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Figure 4.10. Geometry of a non-planar engagement. The stando� distance has its maximum valueDmax when the trajectories are in the same plane. The circle centered on P and passing through Fde�nes the interceptor basing area.around the intercept point and still reach the missile at the same time, as long as it remainswithin the IGR of the ground intercept point. Figure 4.10 shows this basic geometry of sucha non-planar engagement. This construction shows that an interceptor based anywhere onor within the circle centered on the ground intercept point, whose radius is the interceptorground range, can intercept the missile within the required time. This area is called theinterceptor basing area. Figure 4.11 shows this same geometry projected onto Earth. Boththe threat missile TGR and the IGR depend on the time within which the missile must beintercepted to prevent it from striking the United States. This time depends on the missiletype and its intended target. The non-planar model developed here is used extensively inChapter 5.Figures 4.10 and 4.11 illustrate the case for which the IGR is greater than the TGR,since interceptors are generally faster than ICBMs in early 
ight. The reverse could occurif there were a signi�cant delay in the interceptor launch or if the interceptor were slow. Insuch cases, the missile launch point would lie outside of the interceptor basing area.The situation described here is highly idealized. In reality, uncertainties in the missiletype and trajectory, normal variations in missile performance, the possible need to defend
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Figure 4.11. Projection of the trajectories of the non-planar engagement shown in Fig. 4.10 ontothe Earth's surface. The target missile is launched from M, TGR is the target missile ground range,and IGR is the interceptor ground range. The permitted interceptor basing area for this engagementis the shaded area centered on the ground intercept point P.
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Figure 4.12. Coverage provided by a single space-based interceptor. The height of the intercept isdetermined by the altitude at which the interceptor is based and the distance it can 
y out in thetime that is available to intercept the target.targets on several azimuths from a single interceptor base, and other factors all serve toreduce the area available for e�ective interceptor basing. These issues are addressed inChapter 5.4.7 Space-Based Engagement of ICBMsSpace-based hit-to-kill interceptors share many of the same technical issues as terrestrialengagements. However, while the basing of land-, sea-, and air-based interceptors is de-termined by the geography near the threat ICBM launch points, space-based interceptors(SBIs) are free of this constraint. Instead, space basing is governed by orbital mechanicsand the mass of the constellation of interceptors that must be placed in orbit. Space-basedinterceptors are still subject to two constraints that depend upon the geography|the lasttime to intercept a missile before it can reach the United States and the time window for asafe impact of the missile's munitions with respect to other countries. The number of SBIsand the reach of each SBI in the time available determine the coverage over the latitudesof interest. A large number of SBI satellites would be needed to ensure that at least onesatellite would always be close enough to every potential boost-phase ICBM trajectory tointercept ICBMs during the 100 or so seconds available.We approached the SBI engagement analysis by creating a \baseline" system that couldintercept a single, solid-propellant ICBM 5 s before burnout with zero decision time. Liketerrestrial-based interceptors, the coverage of an SBI is determined by the distance it can
y from the time t0 when it is �red to the time when it must intercept the target missile.The change in the distance of a space-based interceptor from the center of Earth duringan engagement is generally very small compared to the radius of its orbit. In this limit,the position at time tn of an SBI �red at an earlier time t0 is displaced from the positionit would have occupied had it not been �red by the distance r
yout it has 
own in the timeinterval tn � t0. Consequently, the volume it could cover at tn is approximately a spherecentered on the position it would have occupied at tn, with its radius equal to r
yout. Thisis illustrated in Fig. 4.12. Assuming that the altitude of the satellite's orbit is horbit andthat the intercept occurs at altitude hintercept, a given SBI could intercept a rocket thatrises through this altitude anywhere within the circular area of radiusa = qr2
yout � (horbit � hintercept)2 (4.1)



4.8. Summary S61shown in Fig. 4.12.The 
yout distance depends on the acceleration pro�le and the terminal velocity of theinterceptor. Both are important for 
yout times in the range 100 s to 150 s, which aretypical for this application, and both are key factors in the size of the SBI. In addition, theinterceptor would need to use some of its range in diving down from its parking altitude tothe intercept altitude, and this requirement must be considered in coverage calculations. Inany case, the range would be measured in hundreds rather than thousands of kilometers,so a large number of interceptors would be needed.For a given performance, SBIs can be smaller than their terrestrial-based relatives be-cause they are already at high altitude and are not subject to aerodynamic drag or gravitydrop as they 
y out to their targets. The penalty for overcoming drag and gravity hasalready been paid by the rocket that put them in orbit. Furthermore, the rocket nozzle onthe interceptor can be tuned for a single external pressure (i.e., zero), and no aerodynamicstructure, such as a shroud, is needed. On the other hand, a SBI would need life-support(i.e., system support) and station-keeping systems during its multiyear lifetime on orbitthat terrestrial-based interceptors do not. These issues are discussed in Chapter6.Once the interceptor has been boosted toward the intended target missile, the kill vehiclerequirements are virtually the same for SBIs and terrestrial-based interceptors, and the samekill-vehicle sizing methodology is used.4.8 SummaryThe time at which a given threat missile must be intercepted to prevent it from hittingthe United States can be found by calculating how its range varies with intercept time.Given this intercept time plus an estimate of the time required to con�rm the missile'slaunch, the remaining time available for an intercept can be determined. The area wherean interceptor would have to be based to intercept an ICBM is de�ned by the interceptorground range, which is the distance over the ground that an interceptor can travel in theavailable time. The analytical methods derived here provide the essential tools needed toanalyze engagements in geographic scenarios of interest, which is the subject of Chapter 5.The unique aspects of space-based engagement issues and the methods used to examinethem summarized here are discussed in depth in Chapter 6.
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S64 Chapter 5. Defending the United States Using Surface-Based Interceptors5.8.2 The problem of timing an intercept . . . . . . . . . . . . . . . S985.9 Sensitivity to Other Assumptions . . . . . . . . . . . . . . . S995.9.1 Reducing the defended area . . . . . . . . . . . . . . . . . . . S995.9.2 Using the existing early-warning satellite system . . . . . . . . S1005.9.3 E�ect of dog-leg trajectories on basing . . . . . . . . . . . . . S1005.9.4 Achieving warhead kill . . . . . . . . . . . . . . . . . . . . . . S1005.9.5 Intercepting the missile during its ascent phase . . . . . . . . . S1015.9.6 Defending by slower interceptors . . . . . . . . . . . . . . . . . S101This chapter analyzes the feasibility of preventing munitions launched by attacking missilesfrom landing on U.S. territory by intercepting the missiles during their boost phase usingterrestrial (land-, sea-, or air-based) interceptors. In accordance with the stated policy ofthe current U.S. administration, we take as our baseline goal the defense of all 50 states.1We also consider the e�ects on interceptor performance and basing requirements if onlythe contiguous 48 states or, alternatively, only a few major U.S. cities were defended. Thedefense of Hawaii is treated as a special case. Finally, we discuss the problem of managingintercepts so that munitions do not fall on populated areas short of the target.We investigate the interceptor performance and basing that would be needed to defendthe United States against ICBMs launched from North Korea, Iraq, and Iran. The U.S.intelligence community has judged these countries to be of concern and to be capable ofdeveloping or acquiring ICBMs within the next 10 to 15 years (see Chapter 3). Thesethree countries also have dimensions and geographies that illustrate the range of problemsa boost-phase defense system might have to overcome.Toward the end of this chapter, we discuss brie
y boost-phase defense of the UnitedStates against short- or medium-range ballistic missiles launched from ships or other sea-based platforms positioned o� U.S. coasts. It is the judgment of the U.S. intelligencecommunity that some countries of concern are likely to develop and deploy such systemsbefore 2015 (see Chapter 3). Speci�cally, we examine the boost-phase intercept capabilityof the existing Aegis air-defense system in this role.The following material underlies the discussion in this chapter: the threat missiles andthe rationales for their choice that are described in Chapter 15, the speeds and 
youtproperties of the interceptors that are described in Chapter 16, and the times for detectinga rocket launch and generating a �ring solution that are described in Section 10.1.Also underlying this discussion is the assumption that if the interceptor can reach thethreat missile, it can destroy the missile. The analysis that supports this assumption formsPart B of the Report. Its impact on this chapter is indirect: given the assumed interceptor
yout pro�le and tracking capability, the mass of the kill vehicle is established (Chapter 14),and the kill-vehicle mass then determines the total mass of the interceptor. The interceptormasses listed in Chapter 16 were determined by this procedure. However, interceptor massesare not of primary importance in this chapter, only their 
yout properties.1\Our missile defense must be designed to protect all 50 states|and our friends and allies and deployedforces overseas|from missile attacks by rogue nations, or accidental launches", G. W. Bush, speech atthe National Press Club, Washington, D.C., May 23, 2000; see also President G. W. Bush's speech at theNational Defense University, Washington, D.C., May 1, 2001.



5.1. Key Assumptions for the Basing Analysis S65Table 5.1. Model ICBMs ConsideredaModel tb (s) Vbo (km/s) Payload (kg)L 240 7.2 2545S1 170 7.2 918S2 170 7.2 1040aAll these models have nominal ranges of 12,000 km. Forfurther details, see Chapter 15. We also discuss, but do notconsider in detail, a liquid-propellant missile with a 300 sboost phase (ICBM L2) and a fast-burn solid-propellantmissile with a 130-second boost phase (ICBM S3). Theduration of the boost phase is tb, and Vbo is the burnoutvelocity5.1 Key Assumptions for the Basing AnalysisThis section discusses various key assumptions which are part of the analysis. The e�ect ofrelaxing these assumptions is discussed in Section 5.9.5.1.1 ICBM models, basing, and 
ightICBM models Since the three states considered in this study do not currently have in-tercontinental ballistic missiles, our analysis focused on the three illustrative ICBM modelsdeveloped in Chapter 15: liquid-propellant model L, which has a total boost time of 240 s,and solid-propellant models S1 and S2, both of which have total boost times of 170 s (seeTable 5.1).2 All three have nominal non-rotating-Earth maximum ranges of 12,000 km.Their di�erences illustrate the di�erent performance characteristics that are possible evenfor ICBMs having identical maximum ranges.We consider only brie
y liquid-propellant ICBMs with the very long burn times (300 sor more) used in some previous studies. Obviously an additional 60 s of burn time wouldallow a much more optimistic view of boost-phase intercept. We note, however, that allthe ICBMs that have been developed during the past three decades, including the �rstliquid-propellant ICBM developed by China more than 30 years ago, have had boost phasessigni�cantly shorter than 300 s (see Chapter 3). At the other extreme, we discuss onlybrie
y defense against \fast-burn" solid-propellant ICBMs, such as model S3, which has a130-second boost phase. No terrestrial-based interceptor rockets could reach such an ICBM,even if it were launched from a very small country, which would allow closer basing of theinterceptors to the launch point.ICBM launch sites To reduce the number of cases analyzed, we focus on the launch sitesin each country that would be most advantageous for an attacker, but without consideringease of access or the local topography. We generally place launch sites at least 100 km insidea country's border, to make them less vulnerable to preemptive attack. The exception isNorth Korea, where we consider a launch site closer to its border with China, because of2The reasons for our focus on these three models are explained in more detail in Chs. 2 and 15.



S66 Chapter 5. Defending the United States Using Surface-Based InterceptorsChina's historical support of North Korea's missile program and the advantage such a sitewould have for evading intercept by a boost-phase defense system.Location of interceptor bases We assume that interceptor bases and aircraft must be atleast 100 km from the borders of potentially hostile countries, or, in the case of sea-basedinterceptors, at least 100 km from the coasts of potentially hostile countries, so that shipsare beyond the horizons of land-based radars and have adequate room for maneuvering.Basing interceptor batteries at a single site or at multiple sites are both considered.ICBM trajectories ICBMs launched from a given site in North Korea or the Middle Eastcould attack a variety of targets in the United States. Missiles 
ying to di�erent targetswould 
y outward from their launch site along di�erent azimuths, as illustrated by Figure 5.1for missiles launched from North Korea and Iraq or Iran. The ground tracks shown are greatcircles from the launch sites to the targets and neglect the e�ect of the Earth's rotationon the missile's 
ight path.3 Table 5.2 lists the great-circle distances from launch sites inNorth Korea, Iraq, and Iran to various cities in the United States and the azimuths of thesegreat circles at the launch sites. The spread of possible initial azimuths is about 40 degreesfor ICBMs 
ying from any of these countries to targets in the 48 contiguous states.It is important to recall that all of these ICBMs can easily change their azimuths duringlate boost (after interceptor booster burn-out) by 10 degrees with little degradation inrange. Thus, a North Korean missile initially on an azimuth to Los Angeles could easilydivert to Seattle, or from Dallas to Seattle.The trajectory4 that an ICBM would follow from a given launch site to a speci�c tar-get depends on the missile's type and performance characteristics. In particular, solid-propellant ICBMs typically accelerate much faster and burn out much sooner than liquid-propellant ICBMs, even if their maximum ranges are the same (see Chapter 15). Forexample, the boost phase of the solid-propellant ICBM model S2 is 70 s shorter than theboost phase of the liquid-propellant ICBM model L. Moreover, when both are 
ying theirmaximum-range trajectories, ICBM S2 burns out 100 km closer to the launch site but 50 kmhigher than ICBM L. Their trajectories are so di�erent that a boost-phase defense mighthave to �re two or more interceptors at each potentially threatening rocket, unless the de-fense knows in advance or can determine within a few seconds after the rocket has beendetected whether it is powered by a liquid- or a solid-propellant motor. Even two ICBMswith the same type of propulsion and the same maximum range can have signi�cantly di�er-ent 
ight pro�les. As an example, solid-propellant ICBM model S1 burns out 50 km furtherdownrange than model S2, when both are 
ying their maximum-range trajectories. Conse-quently, in analyzing interceptor basing areas, launch engagement areas, and the feasibility3The most important e�ects of the Earth's rotation on a missile's 
ight are the eastward velocity at launchcontributed by the motion of the launch site and the motion of the target relative to the point from whichthe missile was launched during the missile's 
ight. We have included the Earth's rotation when computingthe initial azimuths of trajectories from North Korea to targets in North America and from Iraq and Iranto Hawaii, because Earth's rotation has a signi�cant impact on the feasibility of boost-phase intercept ofICBMs 
ying these trajectories. We have neglected Earth's rotation when computing other trajectories,because the rotation does not have a signi�cant impact on the feasibility of boost-phase intercept in thosecases.4The term \trajectory" is sometimes used to denote the path followed by a missile. Here we use it todenote the path of the missile as a function of time. Time is important, because missiles may follow similarpaths but arrive at the same position at di�erent times after they have been launched. The time dimensionis critical for intercepting them.
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Figure 5.1. Great circles from North Korea (top) and Iraq or Iran (bottom) to Boston,Washington, D.C., Dallas, San Francisco, Fairbanks, and Honolulu.



S68 Chapter 5. Defending the United States Using Surface-Based InterceptorsTable 5.2. Great-Circle Ranges and Azimuths to Various U.S. CitiesaFrom North Korea From Iraq From IranRange Azimuth Range Azimuth Range AzimuthCity (km) (deg) (km) (deg) (km) (deg)Portland, Maine 10,500 11 9,000 319 10,000 324Boston 10,700 13 9,400 319 10,200 324Washington, D.C. 10,900 18 10,300 319 10,800 325Dallas 10,800 36 12,000 328 12,300 336Fairbanks, Alaska 5,900 32 9,300 6 9,000 10Seattle 8,000 42 11,000 345 11,300 360San Francisco 8,900 49 12,100 351 12,300 360Los Angeles 9,400 51 12,400 340 12,900 355Honolulu 7,300 82 13,700 27 13,050 36Spread of azimuthsb � 40 � 40 � 40aRanges are approximate great-circle distances from the country listed to the U.S. city. Azimuthsare relative to local north at the launch site. The precise distances and azimuths would depend onthe assumed location of the launch site.bNot including Alaska or Hawaii.of intercept, we consider both ICBM models S1 and S2, as well as model L.Threat missile range control We assume for this part of the analysis that all ICBMmodels would attack targets closer than their maximum range by one or a combination ofthree alternatives: (A) by shutting down the �nal stage early; (B) by trajectory-shaping,such as dog legs or lofting; and (C) by ejecting the payload on the 
y during boost. Inlater chapters where the kill-vehicle requirements are discussed, we also consider that solid-propellant missiles could also reduce range by executing energy-management maneuvers. Inthe latter case, the �nal stage would continue burning until burnout (i.e., for 170 s).5.1.2 Interceptor models, �ring, and 
ightInterceptor models For this analysis we employed the model interceptors constructed inChapter 16, focusing on the three interceptors listed in Table 5.3. Interceptor I-2 is smallenough to be �red either from the existing Vertical Launch System of Aegis-class ships orfrom a large aircraft, but it has a relatively low burnout velocity. Interceptor I-4 has ahigher burnout velocity, but it is also much larger and heavier. Comparable in size to theSpartan interceptor deployed in North Dakota in the early- to mid-1970s, it is too large to be�red from an aircraft but could be �red from a ship. Interceptor I-5 has a high accelerationand a very high burnout velocity, but it is larger and heavier than most ICBMs (its launchweight is more than twice that of the U.S. Minuteman III, and it is 25 percent longer). It istoo large to be launched from an aircraft or existing ships. We did not analyze the basingoptions for an 8-km/s interceptor. Such an interceptor would be more manageable thanthe 10-km/s interceptor, though still massive. In situations where the 10-km/s interceptor



5.1. Key Assumptions for the Basing Analysis S69Table 5.3. Interceptors ConsideredaVbo Burn time Mass(km/s) (seconds) (kg)I-2 5 47 2,300I-4 6.5 40 16,900I-5 10 45 65,600aFor further details, see Chapter 16.would provide more than adequate battlespace,5 using a smaller interceptor could naturallybe considered.For simplicity, we analyze one-on-one engagements: a single potentially threateningrocket by a single interceptor.In this chapter we assume that if an interceptor is able to reach the target missile, itskill vehicle will home on and disable or destroy the missile. The kill-vehicle performancethat would be needed is considered in Chapters 11 to 14.In analyzing the e�ective range of an interceptor when �red against a speci�c ICBM, weassume the defense has knowledge of the trajectory that will be 
own by the ICBM. Thissidesteps the problems involved in tracking, homing on, and hitting the target booster.The sensor and kill-vehicle performance needed to carry out these tasks is analyzed inChapters 10 and 12 and in Appendix C. This assumption is valid as long as su�cientlyfrequent and precise data on the position of the target are available to the interceptor duringits 
yout and as long as the kill vehicle is sized to handle the large uncertainty remainingafter interceptor boost.5.1.3 Margins for uncertaintiesIn reality, the United States cannot know in advance the intended target of each missile orthe precise trajectory each has been programmed to 
y. It also may not know the preciselauncher locations.These uncertainties, together with tracking uncertainties, the variability of boost tra-jectories, and maneuvers during 
ight make it more di�cult for the defense to predict theintercept point for a particular missile. Therefore, when estimating the basing requirement,the defense must include a margin of safety large enough to ensure that its interceptors canget to the attacking missile at the desired time, despite these uncertainties. The uncertain-ties also make it more di�cult for interceptors to home on and hit attacking missiles; thisproblem is analyzed in Chapter 12 and Appendix C.Firing solution The defense is able to predict only roughly where and when intercept mightbe achieved at the time it must launch an interceptor. Therefore, the interceptor must becapable of receiving continued tracking data while it is in its own boost phase. It mustalso be capable of altering its trajectory during 
yout as additional information about thebehavior of the target becomes available. The boost burntime for our candidate interceptors5As used here, battlespace is the volume in space and time within which a defense system can engage thetarget successfully.



S70 Chapter 5. Defending the United States Using Surface-Based Interceptorsis optimized at 40 to 45 s after the interceptor is committed. After interceptor booster burnout, the kill vehicle must be capable of overcoming the remaining uncertainties.Decision time We refer to the time interval between the moment an acceptable �ringsolution is �rst obtained and the moment an interceptor is �red as the decision time. Atbest, the decision time could be essentially zero, with the system �ring an interceptor themoment a �ring solution is available. However, more time is likely to be required, given thecomplexity of a boost-phase intercept system and the consequences of �ring an interceptor.If the decision time is increased, the 
yout time available for the interceptor is decreased,with a corresponding decrease in the reach of a given interceptor and the size of the areawhere interceptors could be based. On the other hand, waiting another 30 s, for example,before committing the interceptor would allow observing a staging event from most solid-propellant ICBMs. This delay in turn could help in typing the missile and potentiallyavoiding having to �re two interceptors to bracket the large di�erences between liquid- andsolid-propellant threats. Therefore, in our geographic analysis, we present two cases|adecision time of zero and a decision time of 30 s|to show the sensitivity of the engagementto this parameter.Available decision time Any robust defense system seeks to have su�cient time margin orbattlespace to permit replacement in case of an interceptor launch failure, provide additionaldecision time, or even a second-shot opportunity. We refer to the time interval betweenthe moment an acceptable �ring solution has �rst been obtained and the last moment aninterceptor can be �red and still achieve intercept soon enough to protect the defended areaas the available decision time. We use the available decision time as a �gure of merit forboost-phase intercept systems intended to defend against ICBMs launched from the threecountries of concern, estimating it for the liquid- and solid-propellant ICBM models andthe three interceptor models we consider.5.2 Analysis of Options for Basing InterceptorsAs noted earlier, the missile must be intercepted before it has achieved the velocity neededto carry its munitions to the defended area. Here we show how to apply the methodologydeveloped in Chapter 4 to actual geographic situations. We �rst show how to determine thelast safe intercept time for a given ICBM trajectory and then use this time to determinethe interceptor ground range|the maximum distance an interceptor can travel to reachthe missile in time for a successful engagement. We then show how the results for a singletrajectory can be combined to determine the basing area to cover a range of launch sites,targets, and trajectories.5.2.1 Determining the latest time to intercept safelyThe acceleration of an ICBM's �nal stage increases as it approaches burnout, causing thepayload impact range to lengthen rapidly but idiosyncratically for the di�erent models ofICBM. This phenomenon is illustrated by Figure 5.2, which shows the payload impact rangefor the three model ICBMs as a function of the time before burnout at which the thrust isterminated. In this plot, the liquid-propellant ICBM model L is on the boost segment of itsmaximum-range trajectory, while the solid-propellant ICBM models S1 and S2 are eitheron the boost segments of their maximum-range trajectories or on lofted trajectories having
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Figure 5.2. Payload range of the missiles modeled in this study as a function of the number ofseconds before burnout that their thrust is terminated. The full burn range is 12,000 km. The fullburn range for lofted trajectories is 11,000 km (shown for the solid-propellant missiles). Full burnfor ICBM L is 240 s; full burn for ICBMs S1 and S2 is 170 s.Table 5.4. Range and Velocity for Early Thrust TerminationaICBM S1, Solid ICBM S2, Solid ICBM L, Liquid�t Range Vf Vd Range Vf Vd Range Vf Vd(s) (km) (km/s) (km/s) (km) (km/s) (km/s) (km) (km/s) (km/s)0 12,000 7.20 0 12,000 7.20 0 12,000 7.25 05 9,980 6.98 0.22 8,780 6.72 0.48 7,740 6.71 0.5410 8,450 6.73 0.47 6,800 6.31 0.89 6,982 6.26 0.9915 7,310 6.51 0.59 5,400 5.94 1.26 4,500 5.87 1.3820 6,430 6.30 0.90 4,580 5.62 1.58 3,730 5.53 1.7225 5,730 6.12 1.08 3,900 5.32 1.8830 5,160 5.94 1.2640 4,290 5.63 1.67a�t is the time before normal burnout, when the thrust of the �nal stage is terminated byshutting down its rocket motor (ICBM L), blowing thrust-termination ports (ICBMs S1 and S2),or collision with a kill vehicle. The ICBMs are assumed to be 
ying their maximum-rangetrajectories. ICBMs S1 and S2 would normally burn out after 170 s, whereas ICBM L wouldnormally burn out after 240 s. Vf is the velocity of the �nal stage at thrust termination; Vd �Vbo � Vf is the velocity decrement relative to the normal burnout velocity Vbo caused by earlythrust termination.



S72 Chapter 5. Defending the United States Using Surface-Based Interceptorsa normal impact range of 11,000 km. Table 5.4 lists the payload ranges for the ICBMs asa function of the time before burnout �t, at which the thrust is terminated. Also listedare the velocity Vf when the thrust is terminated and the velocity decrement Vd relative tothe normal burnout velocity Vbo of the �nal stage. This velocity decrement is potentiallyavailable for executing a dog-leg or other maneuver, as described in Section 9.1.4. Note thatthe last 10 s of �nal-stage burn increase the impact range of the payloads of ICBMs L, S1,and S2 by 6,000 km, 3,500 km and 5,000 km, respectively.Using results presented in Figure 5.2 and Table 5.4, we computed the impact rangecontours corresponding to intercepts at 5-second intervals for each model ICBM. Thesecontours are shown for ICBMs �red from North Korea toward the United States in Figure 5.3and later in the chapter for missiles launched from Iran and Iraq.5.2.2 Determining required interceptor performanceFigure 5.4 shows that the maximum feasible stando� distance D between the interceptorbase and the missile launch site is greatest for the planar case. The feasible interceptorbasing area for a particular target missile, target-missile trajectory, and interceptor underconsideration is the shaded circular area centered on the ground projection P of the interceptpoint IP; its radius is equal to the interceptor ground range for the engagement.It is helpful to plot interceptor ground range (IGR) and threat or target ground range(TGR) vs. time after target launch as shown in Figure 5.5. The 1000-km stando� rangeused in this example is a nominal value that happens to be about the right value to getthe desired IGR for solid-propellant missile launches from North Korea to the U.S. EastCoast, where a minimum IGR of about 550 km is needed. The plot can be adjusted for anyscenario or candidate interceptor-threat combination to get the IGR desired for the selectedintercept time along the threat trajectory. In this display, it is easier to see the consequencesof changing the decision time or interceptor 
yout characteristics. By shifting the threatcurve to the left, the maximum possible interceptor ground range can be estimated if theintercept is constrained to occur at any earlier time.These plots can be used to determine which interceptor can be used in various situations.For example, consider the engagement of the liquid-propellant ICBM model L by the 10-km/s interceptor shown in the top panel of Figure 5.5. The dark solid continuous curverising from the right at a ground range of 1,000 km is the ICBM time history, (1,000 km-TGR). The light dotted curve rising from the left is the IGR time history of the 10-km/sinterceptor when �red with zero decision time. It intersects the ICBM trajectory at 171 s,when the interceptor's ground range is 775 km. For this engagement, the target missile'sground range at the intercept point is (1; 000 � 775) km, or 225 km.Now suppose the defense requires 30 s after a �ring solution is �rst obtained to decideto �re at the missile. We can make a good estimate of the intercept point for a 30-seconddecision time by shifting the interceptor curves for zero decision time (the light dotted curvein the top panel of Fig. 5.5) upward by 30 s. The result for the 10-km/sec interceptor isthe dark dotted curve rising from the left, which begins at 95 s and intersects the ICBMtrajectory at 196 s, when the interceptor's ground range is 690 km. The target missile'sground range at the intercept point is 310 km.Intercept times and interceptor and target missile ground ranges can be estimated forother �ring times in the same way. As another example, note that the 6.5-km/s interceptorwould intercept the liquid-propellant ICBM model at a ground range of about 550 km, at225 s, or 130 s [(225�30) s decision time �65 s �ring-solution time] after the interceptor was
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Figure 5.3. Ground tracks of illustrative trajectories of the liquid-propellant ICBM model L (top)and the solid-propellant ICBM models S1 (middle) and S2 (bottom) from North Korea to four citiesin North America. These trajectories were computed neglecting Earth's rotation, the mid-section ofthe actual trajectories would be shifted somewhat farther north. The contours that cross the groundtracks show where the munitions of the missiles would fall if their �nal stages burned normally untilthe time in seconds after launch that their thrust was terminated, as indicated by the numbers. Forcomparison, the full burn times of the liquid- and solid-propellant ICBMs would be 240 and 170 s,respectively.
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M    target missile launch point
F      interceptor firing point
IP    intercept point
P    ground intercept point
TGR target missile ground range
IGR  interceptor ground range
D    standoff distance
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IGRFigure 5.4. Planar missile and interceptor trajectories and the feasible interceptor basing area foran idealized boost-phase engagement.�red. This intercept would occur 15 s before the missile's �nal stage burnout. However,with this decision time, the 6.5-km/s interceptor would be unable to reach either of thesolid-propellant ICBM models before their �nal stages burned out (see the bottom panelof Fig. 5.5), making it unable to defend the United States. If �red with zero decision time,the 6.5-km/s interceptor could intercept ICBM S1 at a ground range of about 550 km a fewseconds before burnout but would be unable to reach ICBM S2 before burnout and couldnot reach ICBM S1 if it were on a slightly lofted trajectory.To intercept a solid-propellant ICBM and allow 30 s of decision time, the 6.5-km/sinterceptor would have to be based closer to the threat trajectory plane and �red on adi�erent trajectory.5.2.3 Determining interceptor basing areasFor each geographical situation considered in this chapter, we determined the last safeintercept time for a given ICBM, trajectory, and defended area. We then computed thecorresponding IGR and TGR for an intercept at that time with an algorithm equivalent tothe graphical method described above. These results were then used to determine feasiblebasing areas by the method we now describe.The interceptor basing area is the area within which interceptors of a particular type canbe launched to intercept in the required time an ICBM 
ying out on a speci�c trajectory.This circular area has a radius equal to the interceptor's ground range at the intercept pointand centered on the point on the ground directly beneath the intercept point, shown as thecircular shaded area in Figures 5.4 and 5.6-a.Defending against missiles launched on di�erent azimuths Defending against missiles oneither of two azimuths by interceptors at a single location results in the almond-shaped areashown in Figure 5.6-b.6 If locating interceptors within that area is precluded by geographicor operational considerations, that range of azimuths can be covered only by interceptorslocated in two di�erent places, one anywhere in the left-hand circle in Figure 5.6-b, and theother anywhere in the right-hand circle. Such positioning is possible in some geographiclocations, but not others.6The shaded area is symmetric in the �gure because the IGRs for trajectories on the two azimuths areassumed to be identical. However, this would not generally be the case. If additional azimuths between thetwo extremes are to be defended, the bottom of the almond would be rounded o� or possibly indented.
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Figure 5.5. Plots of ground range vs. time for the liquid-propellant ICBM model with candidateinterceptors (top panel) and the two solid-propellant ICBM models with the same interceptors(bottom panel), at a representative stando� distance of 1000 km. Light curves: zero decision time;dark curves: 30-second decision time. The results can be generalized to other stando� distances andintercept times.
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Figure 5.6. a) Ideal interceptor basing geometry; b) area for defending against missiles launched ontwo azimuths with a single interceptor base; c) reduction in area due to uncertainty r in location ofmissile base; d) reduction in area due to normal uncertainties in missile 
youts and possible trackinguncertainty.Reductions to interceptor basing areas The actual interceptor basing areas would besmaller than those we show in this chapter for zero decision time, which assume knowledgeof the ICBM trajectories. As noted earlier, the defense may not know the locations of allICBM launch sites or the performance characteristics of the ICBMs that could be launchedfrom each site, and almost certainly would not know the intended target of each missile orthe exact trajectory it had been programmed to 
y. To ensure that its boost-phase defensesystem would be e�ective, the defender would have to compensate for lack of knowledgeand uncertainty by placing the system's interceptors close enough to all possible interceptpoints to be certain that the system could intercept ICBMs of any plausible type launchedfrom any possible launch site 
ying out on any possible threatening trajectory before theirmunitions could reach the United States. Figure 5.6-c and -d illustrate how the defensewould be a�ected by those uncertainties. If the launch point is uncertain by distance r,the radius of the interceptor basing area is also reduced by r (Fig. 5.6-c). In addition totarget launcher location, uncertainties in the intercept point caused by normal variationsin missile 
youts and possible tracking uncertainty result in a total uncertainty of R. Thusthe radius of the interceptor basing area must be reduced by R (Fig. 5.6-d).5.2.4 Determining the available decision timeFor each geographic scenario we considered, we �rst determined the boundaries of thefeasible interceptor basing area for zero decision time and for a 30-s decision time. In general,the possible locations for interceptor bases do not lie on either of these boundaries. If alocation lay between the boundaries, then the available decision time would be somewherebetween zero and 30 s. If the location lay inside the 30-s boundary, the available decisiontime would be greater than 30 s. Using the basing area map for the geographic scenarioof interest, the available decision time for each interceptor basing location of interest wasestimated from its position with respect to the zero and 30-s decision-time boundaries, usinglinear interpolation. In doing this, we rounded the available decision time to the nearest5 s.



5.3. Basing Analysis Conclusions S775.3 Basing Analysis ConclusionsDefending the entire United States We �nd in Sections 5.4, 5.5, and 5.6 following thissummary that defending the United States against liquid-propellant ICBMs launched fromcountries such as North Korea, Iraq, and Iran to be technically feasible. Defending againstthe liquid-propellant missiles with more than 30 s of decision time appears practical againstlaunches from North Korea and Iraq although not from Iran. Furthermore, defending theUnited States against solid-propellant ICBMs launched from Iran is unlikely to be practical,when all factors are considered. Even defense against solid-propellant ICBMs launched fromNorth Korea would require interceptors having 
y-out velocity in excess of 8 km/s. Toachieve a decision time of 30 s would require using 10-km/s interceptors, which we judge tobe a limiting and perhaps impractical case in achievable speed and acceleration. All thingsconsidered, we conclude that defending against typical solid-propellant ICBMs with burntimes of 170{180 s is unlikely to be practical.The analysis of boost-phase engagement fundamentals in Chapter 4 shows that theshort duration of ICBM boost phases limits the maximum interceptor stando� distance(the distance from the ICBM launch site to the interceptor base) to less than approxi-mately 1,000 km, for typical ICBMs and interceptor speeds. Consequently, a boost-phaseintercept defense system that employs terrestrial-based interceptors generally would not bee�ective against ICBMs launched from the interiors of countries having dimensions greaterthan 1,000 km. Unless violation of the adversary's sovereign airspace by airplanes carry-ing interceptors were to be contemplated, airborne interceptors also would not be e�ectiveagainst missiles launched from such countries, which include Russia and China.7 A systemusing terrestrial-based interceptor rockets would be most e�ective against missiles launchedfrom small countries that border international waters or that have neighbors willing to hostinterceptors.The available decision times for intercepting missiles from North Korea, Iraq, and Iran todefend all 50 states are summarized in Table 5.5, based on the results of analyses presentedin Sections 5.4, 5.5 and 5.6. Whether an intercept is feasible requires making a judgmentas to whether the decision time is adequate.Defending only the 48 contiguous states Defense of only the 48 contiguous states, or ofonly the major cities, is not signi�cantly easier than defending the entire United States.Shortfall Unless the warhead can be con�dently destroyed in a boost phase intercept,which seems improbable, we know of no way to adequately control where the warheads ormunitions of an intercepted threat missile would land, other than short of the defendedarea.Warhead kill The ability to destroy the warhead or munitions would not extend the timein which the defense must achieve an intercept, though it would eliminate concerns aboutlive munitions falling to Earth.Defense against sea-launched medium-range ballistic missiles Theater ballistic missiles�red from ships at sea present a potential threat to the United States. A boost-phase7In contrast to terrestrial-based interceptors, space-based interceptors could, in principle, provide globalcoverage. The advantages and disadvantages of space-based interceptors are analyzed in Chapter 6.



S78 Chapter 5. Defending the United States Using Surface-Based InterceptorsTable 5.5. Available Decision Times for Defending All 50 StatesaICBMb Interceptor Time (s)c CommentsN. KoreadLiquid I-2 (5-km/s) 0 For interceptors in the Sea of Japan" I-4 (6.5-km/s) 40 "" " 50 For interceptors near Vladivostok" I-5 (10-km/s) >100 Interceptors this fast are not requiredSolid I-2 (5-km/s) | Intercept not possible" I-4 (6.5-km/s) � 0 For interceptors in the Sea of Japan" I-5 (10-km/s) 30 For thrust termination or warhead deployment at 137 seIraqfLiquid I-2 (5-km/s) | Intercept not possible" I-4 (6.5-km/s) 40 Provides some 
exibility in basing" I-5 (10-km/s) 100 Interceptors this fast are not requiredSolid I-2 (5-km/s) | Intercept not possible" I-4 (6.5-km/s) | Intercept not possible" I-5 (10-km/s) 30 For interceptors in extreme southeastern Turkey" " 10 For interceptors in the Persian GulfIrangLiquid I-2 (5-km/s) | Intercept not possibleI-4 (6.5-km/s) | Possible only from unconventional basesI-5 (10-km/s) 15 For interceptors in the Persian GulfSolid I-2 (5-km/s) | Intercept not possibleI-4 (6.5-km/s) | Intercept not possibleI-5 (10-km/s) | Intercept not possibleaAssumes that missiles are launched from the location that would be most challenging for thedefense and that interceptors are stationed in or over accessible international waters or the territoryof traditional allies and at least 100 km from the borders of potentially hostile countries. Defense ofthe United States by systems with interceptors based in other, unconventional locations and optionsfor partial defense of the United States are discussed in Sections 5.4, 5.5, and 5.6.bThe liquid-propellant ICBM is model L; the solid-propellant ICBM is model S1.cThis is the time interval between the moment a �ring solution has �rst been obtained and thelast moment an interceptor can be �red and still intercept the ICBM early enough to defend all 50states. Uncertainties in ICBM launch times, performance characteristics, and trajectories have beenignored; they would reduce the available decision time.dFor details, see Section 5.4.eBased on impact on Fairbanks, Alaska.fFor details see Section 5.5. Potential basing sites considered here are in Turkey and the PersianGulf.gFor details, see Section 5.6. Potential basing sites considered here are in Turkey and the PersianGulf. For a discussion of boost-phase defense options using interceptors stationed in unconventionallocations, such as in or over the Caspian Sea, Turkmenistan, and other countries to the east andnorth of Iran, see Section 5.6.
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Figure 5.7. (left) North Korea and adjacent countries. (right) Azimuths for missiles launched fromNorth Korea to targets in the United States. These di�er from great circle azimuths because of thee�ect of the Earth's rotation. The great circle azimuth for Boston is shown dashed to illustrate themagnitude of this e�ect.defense appears readily achievable by an interceptor similar to a Standard Missile 2, �redfrom a ship within a distance of about 40 km of the threat launch platform.In the following three sections, we estimate the decision time available to boost-phasedefense systems that use the three model interceptors we consider to intercept ICBMslaunched by the three countries of concern.5.4 Defending Against ICBMs Launched from North KoreaDefending against ICBMs launched from North Korea would be easier than defendingagainst ICBMs launched from other countries of current concern, because North Koreais relatively small and borders seas that could be accessible to ship-based interceptors.Figure 5.7 illustrates the Korean peninsula and its immediate surroundings and also theazimuths of ICBM trajectories to targets spanning the United States. Figure 5.3 shows theground tracks (the projection on the ground vertically below the position of the missile)of trajectories of liquid-propellant ICBM model L and solid-propellant ICBM models S1and S2 from North Korea to Boston, Washington, D.C., Dallas, and San Francisco.8 Thedefense of Hawaii is a special case that will be examined separately in Section 5.4.1.The U.S. city closest to North Korea is Fairbanks, Alaska (Table 5.2). In general,the closer the target the more di�cult the intercept, a close target permits a relatively8These maps, and the similar maps below that show the ground tracks of ICBM trajectories from Iraqto North America, are in the orthophanic or Robinson projection. The scale is uniform with longitudebut varies with latitude; it is true along the 38� parallels. This projection is not equal-area, conformal, orequidistant, but is considered to \look right" for world maps and is used by Rand McNally, the NationalGeographic Society, and others. The trajectories are great circles; taking Earth's rotation into account wouldshift the central regions of the tracks slightly to the North.
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Figure 5.8. Timelines for engaging liquid-propellant ICBM model L and solid-propellant ICBMmodel S1 when launched from North Korea toward the middle of the United States on a trajectoryover Alaska.short burn time, thus limiting the 
yout distance of the interceptor. However, the easeor di�culty of any particular intercept also depends on local geography. In the case ofmissiles launched from North Korea, it will be shown that missiles to the East Coast ofthe United States, which require almost the maximum burn time, can be more di�cult todefend than the Alaska trajectory, because their boost-phase trajectories lie far to the westof the Sea of Japan and require relatively long IGRs. For the same reason, the northwest ofthe United States is relatively easy to defend, in spite of the relatively short range, becausethe boost-phase trajectories of these missiles lie close to the Sea of Japan. Consequently,we shall consider two baseline cases: defense against missiles headed toward Fairbanks (orthe center of the United States) on a trajectory toward Alaska, and missiles headed to theEast Coast, on a trajectory toward Boston.From Figure 5.3, we take the latest time to safely intercept a missile on the Alaskatrajectory to be 227 s for the liquid-propellant missile ICBM L, and 137 s for the solid-propellant ICBM S1. (Requirements for defense against ICBM model S2 are less stringentthan S1 and will not be analyzed separately.) The timelines for the Alaska trajectory areillustrated in Figure 5.8. The timelines for the Boston trajectory with zero and 30-seconddelays are illustrated in Figure 5.3|239 s for the liquid-propellant ICBMs and 167 s for thesolid-propellant ICBMs.The intercept times and the corresponding TGRs are shown in Table 5.6. The TGRswere obtained from the trajectory calculations for the missiles (Appendix B). For each ofthe intercept times determined above, we calculated interceptor ground ranges (IGRs) forinterceptors I-2, I-4, and I-5 for zero decision time and 30-second decision time, using themethods described in Section 5.2. These IGRs are listed in Table 5.7.Using the values of target missile and interceptor ground ranges from Tables 5.6 and 5.7,



5.4. Defending Against ICBMs Launched from North Korea S81Table 5.6. Intercept Timesa and ICBM Ground Ranges from NorthKorea Fairbanks Boston SeattleICBM model Lb intercept time(s) 227 239 235TGR (km) 460 539 500ICBM model S1b intercept time(s) 137 167 158TGR (km) 320 492 430aTimes are latest time for safe intercept to target shown.bProperties of the missiles are described in Chapter 15.we constructed interceptor basing areas for defense against the liquid- and solid-propellantICBMs and plotted them for the two baseline trajectories (Fairbanks and Boston). Theresults are shown in Figures 5.9 and 5.10. These �gures provide the key information forunderstanding the options for defending the continental United States from ICBMs launchedfrom North Korea. The ground tracks for each trajectory are shown in the �gures; the lastchance to intercept the missile is indicated by an \x" on each ground track. The interceptormust be based inside the shaded circle for it to reach the missile with at least 30 s of decisiontime. It must be based on the dashed circle to reach the missile in the limiting case of zeroTable 5.7. Ground Ranges of Interceptors Fired Against ICBMsLaunched from North Korea to the United StatesaICBM Decision Interceptor Nominal Range IGRc (km)Model Time (s) Modelb Fairbanks Boston SeattleLiquidb 0 I-2 530 570 5700 I-4 740 800 7500 I-5 1,220 1,330 125030 I-2 410 460 45030 I-4 570 640 60030 I-5 950 1,060 1000Solid 1b 0 I-2 260 380 3500 I-4 350 530 4700 I-5 590 880 80030 I-2 140 270 23030 I-4 190 370 30030 I-5 310 600 530a The latest times to intercept safely and the corresponding TGRs arelisted in Table 5.6bThe basic characteristics of these model interceptors are listed inTable 5.3.cValues obtained from Fig. 16.5 for I2, and Fig. 4.9 for I4 and I5. Theminimum required ground range can be seen in Figs. 5.9 and 5.10.



S82 Chapter 5. Defending the United States Using Surface-Based Interceptorsdecision time.Defense against liquid-propellant ICBM model LFigure 5.9 (bottom) reveals that the most di�cult trajectory to defend against for ICBM Lis the trajectory to the northeastern United States|the Boston trajectory. To defend thistrajectory, the 5-km/s interceptor would have to be �red with zero decision time. However,this interceptor could defend the Alaska trajectory with about 40 s of decision time andstill remain based 100 km o� the coast. The 5-km/s interceptor could be deployed by theNavy's Aegis system, based on ships near the coast. A 5-km/s interceptor could also belaunched from aircraft, but its operational area would be subject to essentially the samerestrictions as the surface-based 5-km/s interceptor.The 6.5-km/s interceptor could provide about 40 s of decision time, if based at sea. Ifit were ground-based at Vladivostok, the decision time would be about 60 s.Defense against solid-propellant ICBM model S1Defense against the solid-propellant missile ICBMmodel S1 is considerably more challengingthan for the liquid-propellant missile. Figure 5.10 reveals that, for the solid-propellantmissile, the most challenging trajectory is to Boston. The 5-km/s interceptor (not shown)could not be used. The lower-left panel of Figure 5.10 reveals that even the 6.5-km/sinterceptor could be used to defend Boston only if it were �red very close to the coast withzero decision time. The giant 10-km/s interceptor (Fig. 5.10, lower right) could be usedwith about 30 s of decision time. Deploying such a large missile at sea could present achallenge, but it might be possible to land-base it in Vladivostok, which would permit thedecision time to be increased by about �ve seconds.5.4.1 Defending HawaiiHawaii lies 7300 km from North Korea at an azimuth of 82�. For the solid-propellant missileS1, the TGR at latest intercept is 435 km, putting the intercept point well o� the coast.The intercept point would lie in the Sea of Japan at a location that is well suited for aboost-phase defense. Figure 5.11 shows that even for the most stressing case|attack by asolid-propellant missile|a defense would be possible with the 5-km/s interceptor �red froma ship or plane.5.4.2 Defending against missiles from North Korea with multiple ground sitesFor the liquid-propellant missile, a single 6.5-km/s interceptor could defend both the conti-nental United States and Hawaii (See Figs. 5.9 and 5.11). For the solid-propellant missile,defense of the continental states would require the capability of the 10-km/s interceptor.This same interceptor easily defends the Hawaii trajectory, though a smaller missile mightprovide operational advantages. Nevertheless, employing a second basing site would noto�er any essential advantage for a boost-phase defense system to defend against missilesfrom North Korea.
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Figure 5.9. Interceptor basing areas for defending the contiguous United States against the liquid-propellant missile ICBM model L launched from North Korea. The position of the missile at thelast chance it can be intercepted successfully is indicated by the \x" on the trajectory line. Thedashed outer circles are the areas within which the interceptors must be based for the limiting casein which they are �red the instant a �ring solution is constructed. The shaded inner circles arethe areas within which the interceptors must be based if they are �red with a 30-second decisiontime. Top: trajectory toward Fairbanks, Alaska. (left) The model 5-km/s interceptor. (right) The6.5-km/s interceptor. Bottom: same, but for a trajectory to Boston.
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Figure 5.10. Interceptor basing areas for defending the contiguous United States against the solid-propellant missile ICBM model S1 launched from North Korea. The position of the missile at thelast chance it can be intercepted is indicated by the \x" on the trajectory line. The dashed outercircles are the areas within which the interceptors must be based for the limiting case in whichthey are �red the instant a �ring solution is constructed. The shaded inner circles are the areaswithin which the interceptors must be based if they are �red with a 30-second decision time. Top:trajectory toward Fairbanks, Alaska. (left) The model 5-km/s interceptor. (right) The 6.5-km/sinterceptor. Bottom: same as above but for a trajectory to Boston.
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solid ICBM, 5 km/s interceptorsolid ICBM, 5 km/s interceptorFigure 5.11. Basing areas for defending Hawaii from the solid-propellant missile model S1 launchedby North Korea. (left) 5 km/s interceptor. (right) 6.5 km/s interceptor.5.4.3 Possibility of an interceptor being mistaken as a threatInterceptors having a velocity of 5 km/s or more would have su�cient speed and range tobe mistaken for a threat. The interceptor trajectories from North Korea are generally tothe northwest and head across China to Russia. Thus, an interceptor �red in defense runsthe risk of triggering retaliatory action by China or Russia.5.5 Defending Against ICBMs Launched from IraqWe turn now to the defense of ICBMs launched from Iraq and Iran. These nations are muchlarger than North Korea, and the considerations for siting have little in common with thosefor North Korea. Figure 5.12 shows how Iraq and Iran are situated with respect to nearbycountries and bodies of water.5.5.1 Defending the contiguous statesThe latest time that the defense could safely intercept missiles from Iraq to the contiguousstates can be found from Figure 5.13, which shows the ground tracks of trajectories of ICBMmodels L, S1, and S2 from Iraq to Washington, D.C., Dallas, and San Francisco.As before, the numbered contours that cross the ground tracks show where the missiles'munitions would fall if their �nal stages terminated at the time indicated after launch. Theliquid-propellant ICBM L would have to be intercepted no later than 237 s after launch,3 s before �nal stage burnout, at which point its ground range would be 520 km. Thesolid-propellant ICBM S1 would have to be intercepted no later than 161 s after launch,8 s before burnout, at which point its ground range would be 460 km. The IGRs for theseintercept times are displayed in Table 5.8. For a 30-second decision time, the IGRs for




