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SUMMARY

This memorandum was written in response to interest within the Air
staff in a factual and unbiased assessment of the Polaris weapon system
potential. It is based on past work at RAND in the strategic area and
on specific missile systems, as well as on information obtained from the
Polaris Special Projects Office and its contractors.

The time period of primary interest is pre-1965, & period for which
U.S. strategic systems and force structure may be hypothesized with reason—
able certainty. In this context the Polaris weapon system is approached
as one of several systems which may improve our over-all deterrent posture
and strategic capability. In today's world and for the foreseeable future,
deterrence not only is a reasonable philosophy but should be our absolute
first priority. For our deterrent capability to be objective it must be
designed for the fallure of deterrence; i.e., it must function, even if
attacked by surprise in a well coordinated and determined manner. It
must be inexorable without being inflexible. Further, in the design of
strategic forces it must be admitted that deterrence cannot be certain,
and there is a finite but incalculable probability of general nuclear war.
It is in this environment that RAND has looked at Polaris.

There is much to commend in Polaris as a part of the U.S. strategic
forces. Dispersal, concealment, and mobility are combined to give this
system a low order of vulnerability. The mobility of Polaris in a medium
vhich favors concea.l.ment' may rule out the possibility of the enemy knowing
in advance the precise geographical coordinates of the force except for
the part undergoing overhaul in port or being serviced at a tender.

The removal of strategic targets from the U.S. or populated areas so

s



, e
10-28-58 t *
vi ~hy,

that targeting thie system does not result in collateral or bonus damage is
also in favor of Polaris, although no attempt has been made to quantify this
assetl.

Polaris would be based forward so that under certein contingencies .
glven reliable command and communications, this system could have the short—
est response time from command to weapon impact of any U.5.-delivered
weapone, except for our overseas-basged IR:BM's.* Moreover, in the event of
8 premeditated enemy attack, Polaris could bave a useful wartime life meag—
ured in weeks or months, which under present plans no other strategic system
would have ageinst a coordinated ICRM and manned bomber attack.

During the period of avallability Polaris may also be the answer to
adverse political developments which would compromise our besing IRBM's in
certain foreign countries.

Conceptually, the Polaris system is interesting as & system with a
low order of vulnerability to the expected enemy missile and manned bomber
threat, and as & complement to the desired Air Force strategic posture which
would include both & counterforce and counter—city etrike capability. How—
ever, as with all nev systems, the solutions to foreseeable technical prob-
lems and actual avallability dates are to a significant degree uncertain.
Presently the first Polaris submarilne is scheduled to be operational in
October of 1960 with missiles of 1000-n mi range which are designeted "A-1."
The 1500—n mi missile, designated the "B" model, is scheduled to be opera—
tional in mid-1963. The "ready-for-sea date" for the first submarine is

April 1960 and for the ninth submarine February 1962, assuming FY-1959

The response time of Polaris and our overseas-based TREM's would be
comparable; however, IRBM basing is at present soft, fixed, and vulnerable

to surprise attack.
[
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funding. If the sixth through ninth submarines are not funded until FY-1960
they will be delayed about eight months. Deployment dates leg the ready-
for—sea dates by six months. The Polaris missile gchedule is éxtremely
tight and slippage will undoubtedly occur. However, the urgency of the
present situation warrants the effort being made by the Ravy toward attein—
ing early availability.

Technical considerations are discussed in Section II. The critical
areas at present appear to be, particularly, navigation, fire control, and
communications; they are sufficiently critical and important to warrant
extreme effort by the Navy. The guidance accuracy of the missile will be no
better than the position and azimuth information supplied by the navigation
system, and a failure of the fire control computer would put all sixteen
eissiles or a submarine out of commission.

For the early 1960's the Navy will depend primarily upon three high—
pover VLF/HF radio stations for transmission from the U.S. These stations
are highly vulnerable to modest levels of overpressure. Even if they sur-—
vived, they would probably suffer from severe blackout in the event that
high-altitude mega.to;n shots were used by an enemy for communications dis~—
ruption or by the U.S. for ICBM defense. Plans should be formuleted for
the use of any and all applicable cammunication links, including the SAC
links; and various relay schemes should be studied employing ships at sea,
many U.S. and overseas stations, and aircraft including SAC alert bombers.
The problem of communicating with Polaris submarines is complicated by the
fact that the submarine must be alerted or at least have pre-planned listen-—
ing times in order to put up an antenna to receive. Therefore, seismic

equipment on the submarine may be useful as & bomb alarm system.

RS
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For later periods the Navy is studying various communication systems
such as sonar, underwater ceble nets, meteor-burst techniques, satellites,
ete.

The early A-l missile design appears to be less critical from a tech—
nical point of view. However, advences in the state—of—the-art are required
for the B version, which cannot yet be placed on a reliable timetable.
Although none of these problems is insoluble, more time, development, and
testing are required for a significantly better estimate of performance and
availability.

Under present plans Polaris submarines will operate from overseas tenders
for a period of two and a half years and then return to the U.S. for six
months, which includes four months in a shipyard and two months in training.
While in a State-side shipyard a submarine will undergo recoring of the
reactor, depot—type maintenance, and required modifications. While over—
seas & 90-day cycle is planned with a submarine alongside its tender for
20-30 days undergoing servicing and maintenance, and on station or in transit
to and from station for €0-70 days. Two crevs per submarine are planned,
with each crew takiqg alternate 90-day duty cycles. The overseas—tender
concept appears to offer the most effective and least costly mode of operations.

Based on the above concept and a 30-60-dsy cycle, which also includes
one=third of the nominal tender time being spent in training away from the
tender, a Polaris submarine would have an effectiveness ratio of 0.65 if
tenders were located in areas from which targets could be reached. That
is, 65 per cent of the time submarines would be on station, in transit to
or from statior areas, or near a tender on training maneuvers. Execluding

human factors 1t appears technically feasible to keep two-—thirds of the
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Polaris force essentially on station. However, the psychological problems
involved in keeping two crews continuously on alternate $0-day duty cycles
on the same subtmarine for long periods are presently unknown.

There appear to be two broad alternatives open to the Soviet Union in
countering the Polaris threat by killing the submarines: (1) detecting
and tracking submarines in peacetime with the intention of killing them at
the time of a coordinated attack on other U.S. retaliatory forces, and (2)
locating submerines from patrol aireraft by detecting missiles during launch
and in the first part of their flight, followed by a rapid counterattack.

The problem of detecting and tracking any relatively gquiet submarine
is formidable, even ignoring a final active attack that depends upon detec—
tion and tracking. The ability of the nuclear-powered Polaris submarine
to be quiet is a critical consideration in vulnerability, and & strong
effort should be made in that direction. This is not to say that the Soviet
will not be able to take effective action against the Polaris system; but
the characteristics of the operating medium, the state of underwater detec—
tion technology, and the available tactics favor the evader rather than the
tracker if the Polaris submarine is quiet. One scheme for missile detection
and anti-submarine attack is based on an airborne system using infrared
search and radar ranging on the sulmarine-launched missile. Multiple air-
to—surface missiles are employed against the submarine. A high probability
of kill appears feasible within five minutes of an initial detection, and
requires about fifty on-station aircraft per million square miles. However,
there are also tactics available to counter such a system. The vulnerability
of Polaris is discussed in Section V.

Excluding the Arctic Ocean, neglecting water wvhich the Soviet may

[
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classify as their own, such as the close-in Barents See, Baltic Sea, etc.,
and considering only western launch areas, the 1000-n mi Polaris could hit
60 per cent of the 135 Soviet cities of 100,000 population and above while
operating in an area of 1.7 million square miles. The 1500-mile missile
could hit 87 per cent of these cities while operating in &n area of 3.6

million square miles.
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three levels of damage were considered, ranging from at least 25 per cent

to at least 75 per cent structural collapse. Results for the two limiting

cases are summarized in the following table.

KUMBER OF WEAPONS REQUIRED OK TARGET FOR-A GIVEN DAMAGE
LEVEL AGAINST THE 1355 LARGEST SOVIET CITIES

',_XJ.EJ% At Least 25% Structural Collapse At Least 751, Structural Collapse D%i’g_’}
2 n mi CEP b n mi CEP 2 n mi CEP L n mi CEP s
+° oL
f 135 340 480 1200 L (3
‘ ;
\ \ 135 ¢ 135 150 290
\ ’ 135 135 135 200 .
S | DoE
- - ; : / B 3)

i
&

' With a 2-n mi CEP eight

missiles on target would "‘b"é'"i'e-qﬁ_ihred for a 90 per cent assurance level

=

ageinst & 10-psl target. However, against soft military targets whose

coordinates are accurately known, Polaris missiles would be quite effective. )
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Target damage criteria are discussed in Section V.

System costs for Polaris are discussed in Section IV. For the present
program consisting of nine submarines initiasl investment is estimated at
1256.2 millions and annual operating costs at 152.9 millions. Assuming an
effectiveness ratio of .65, i.e., each submarine is able to Pire missiles
against targets 65 per cent of the time, the cost per missile for initial
investment is 13..4 millions, and the cost per missile for annual aperating
costs is 1.63 millions. The above costs do not include research and devel~—
opment which has been estimated at 1040 millions.

The growth potential of the present Polaris missile system is limited
by the geometry of the launching tubes. A significant increase in range
beyond 1500 n mi with the present re-eh‘try welght will be realized only by
2 nev two-stage design utilizing & small increase in diameter which is
available or utilizing longer launching tubes which are feesible. A signifi-
cant increase in yield will result only from a significant increase in the
yield—to-warhead-weight ratio. A requirement for increased missile range
vould seem to be 'pr:lmarily a function of submarine vulnerability. Since
the submarine is the pajor part of initial investment, any design changes
in the future that result in lower sulmarine cost can significantly decrease
systems cost. There are two outgrowths of the Polaris concept that deserve
more study. One 1s launching missiles from sown canisters, and the other
is the use of a submerged mobile barge as a missile base,

Although Polaries appears to be a reasonable and effective ingredient
of our strategic posture, particularly in the counter—city deterrent role
and against soft, known military targets, it by no means meets all the

requirements of a strategic capability. Among other objectives besides
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deterrence is the limiting of damage the U.S. would receive if deterrence
failed, an important element of which ie a high—confidence counterforce
capability. However, the projection of requirements cannot be precisely

made. The future as to the Soviet military posturé, operational capabilities,
and intent is extremely uncertain; and the ways that a war might start run

the gamut from the premeditated, either well coordinated or poorly cocordinated,
to one resulting from accidents, mistakes, miscalculations, or sheer irra-
tional expedience.

In the foreseeable future, comnsidering both deterrence and the fact that
deterrence is not certain, there exists & requirement for a protected force
of manned bombers with multiple weapons, a search capabliity, and terminal
accuracy much superior to that of early generations of ballistic missiles.
This requirement is based on the expected Soviet defense, hard targets, and
targets whose coordinates are only known in a gross fashion. There also
exists the requiremegt for ICEBM's with warheads much larger than the Polaris
warhead on the basis of uncertainties and contingency plamning. The contin-
gencles visualized are a future ICEM defense requiring penetration aids,
increased yield and accuracy against hard known targets, and an S.U. civil
defense program. The larger warhead could be devoted to higher yield or
higher yield plus penetration aids for both missile and manned-bomber pene—
tration. And finally, there exists the requirement for a sufficient number
of protected and dispersed delivery vehicles, not only to insure our capa—
bility for the desired damage level against an enemy, but also to make the
Job of destroying a significant fraction of our strategic force by an enemy

infeasibly large.
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I. THE POLARIS WEAPON SYSTEM

" The present Polaris approach essentially resulted from the incompati—
bility of the Jupiter missile with the Navy's ultimate aim for a submarine
missile system. During the summer of 1956, at the request of the Chief of
Naval Operations, the Conmittee for Underseas Warfare of the Nationmal
Academy of Sciences conducted a study program at Woods Hole, Massachusettsa,
on the problems of countering nuclear submarines, which included a study of
the use of ballistic miseiles in submarine strategic operatioms. In October
of 1956, the results of this program at Woods Hole (the "NOBSKA report"),
including the recommendation for the development of a twenty-to-thirty—
thousand—pound, two-stage, solid-propellant, submarine-launched ballistic
missile, were presented to Admiral Burke and his staff. In November, plans
for a small, solid-propellant missile were reviewed by the Scientific Advi-
sory Coomittee to the Special Assistant to the Secretary of Defense for
Guided Missiles. In December, the Department of Defense approved a plan for
shifting the Navy effort from the Jupiter progrem to the solid-propellant
misslle system called Polaris. Therefore, it may be stated that the Polaris
program got underway ;t the beginning of 1957.

In November 1957, the target date for achievement of the ultimate
tactical missile was advanced from 1965 to 1963, with an operaticnal capa~
bility beginning in 1960 with a missile of shorter range.

The Polaris weapon system is based on survivability in the face of a
premeditated first attack, thereby creating a degree of cobjective deterrence.
However, reliable command, control, and communication must also survive. For

its low degree of vulnerability, Polaris relies on dispersal, mobility, and
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missiles are stored in vertical launching tubes around the submarinets center
of gravity. The system is designed for a rate of fire of one missile per

minute at the surface or at 100-ft keel depth. EJection 1s by compressed

air.
The Polaris missile is a two-stage solid—propellant ballistic missile,
28.5 £t by 54 in., veighing 28,600 1b. ) v _
} Do&
\
b(3)

Guidance is inertial with a quoted 2-n mi CEP, including theh;-aition erroxr
of the submarine. The first tactical miseile (A-l) is scheduled for 1960
with a nominal 1000-n mi range. The B version is scheduled for early 1963
with a nominal 1500-n mi range.

Navigation will be performed by a shipboard inertial navigation system
(SINS) vhich, because of gyro drift, requires periodic position fixes for
the desired missile accuracy. SINS supplies information to the fire control
computer for proper inputs to the missile, and also supplies the mechanical
optical alignment system with an azimuth and a vertical in order to orient
the guidance platform.

Availsbility dates are shown in the following table from the Navy's
extended shipbuilding program.

Sub Number Ready-for-Sea Date

60
7-60
10-£0
1-61
61
T-61

Ui
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Sub Number Resdy—for-Sea Date

10-61
1-62
262
hog2
562
7-62
862

9=63
Deployment dates lag the ready-for-sea dates by six months. Only nine

S GKEBvm—

submarines have been authorized by Congress, and the quoted availability
dates for subtmarines 6 through 9 are dependent upon FY-1959 funding. If
these four submarines are not funded until FY-1960, an eight-month delay

is estimated.
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II. TECHNICAL STATE-OF-THE-ART

A. GENERAL SUMMARY

The present Polaris develorment program includes two tactical versions
of the basic Polaris missile configuration and design, with the Lockheed
Misslle Systems Division as the prime contractor for the missile less
guidance. These are the tactical A-l and B missiles. The A-l is intended
to provide an operational capability in late 1960 with a sacrifice in mis—
sile range. The Polaris B missile with a full range of 1500 n mi is currently
programmed for operational use in mid-1963.

This development program further includes three types of test missiles
with the same basic configuration and general characteristics as the Polaris B
missile. The test missiles are designated the AX, A-1X, and the BX. The AX
is a full-scale develommental missile intended to test and develop the pro—
pulsive booster components and other missile components in early flight. The
A-1X is the test missile for the tactical A-l missile, and the BX serves as
the flight test vehicle for the operational B missile. Although not classi-
fied as a test missile, the early tactical A-l may also be considered as an
operational test missile which can provide operational factors that may be
included in the B series of missiles, thereby increasing the potentialities
of the over-all weapon system.

The guidance system for the Polaris missile is to be a lightweight, all—
inertial system weighing approximately 200 1b, composed of an inertial measure-
ment unit, a digital computer, and associated electronics. Its accuracy is
to be compatible with an over-all missile system accuracy of two miles. The
maintenance concept now belng considered is replacement of the complete

system in case of malfunction.
‘, i
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The guidence system development is being performed by the MIT Instru—
mentation Laboratories as prime contractor. The contract for the production
of the inertial guidance system, as well as the submarine-based fire control
system, has been awarded to General Electric. The SINS system, which is the
basic inertial reference and navigation system on board the submarine, is
being built by Sperry. However, probably the first three submarines will
use a North American Aviation system. At present there are four subcontrac—
tors supplying the basic inertial components for the airborne system. They
are Litton, Minneapolis-Honeywell, Kearfott, and A. C. Sparkplug. All four
companies are building the same MIT-designed gyros and integrating acceler—
cmeters.

The nuclear-powered submarine i1s of conservative design and is some-—
what smaller than the Triton which recently has been launched. Production
facilities for the Polaris submarine include the Electric Boat Company;

Navy Yard, Mare Island; Navy Yard, Portsmouth, N.H:; New York Ship at
Newport News, Virginia; and Ingalls Ship at Pasagoulas, Miss. The following

brief discussion will cover only major points of the system design.

B. FROPULSION ARD PERFORMANCE

The capabilities of the test and tactical missiles will be largely
determined by the propulsion system developments. The Aerojet-General
Corporaticn has the responsibility for these developments., The AX test
missile incorporates tested propellants giving a sea-level specific impulse
of 220 sec in & booster case made from current materials and by current
manufacturing techniques. Except for propellants the tactical A-l and the
A-lX missiles require higher performance than is available from the current

state—of~the—art for production items as represented by the AX components.
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Currently, the development program includes an advanced lightweight case
for the second stage of the A-l missile, with the first-stage case the seame
as in the AX design. The lightweight case for the second stage of the A-l
missile is the same case required for the later B missile design. The pro-—
pellants for the A-l missiles are the same as those for the AX missile and
represent current producticn availability. Higher-performance propellants
with a specific impulse of 240-24k sec have been tested, and a limited pro—
duction of this propellant could serve to increase the performance of the
A-l missile. The use of Polaris B propellants in the A-l second stage has
been suggested in order to offset delays in obtaining the lightweight booster
cages without an excessive sacrifice of range. The lightweight case design
and the higher-energy propellants are both reguired in order to meet the
Polaris B performance requirements of warhead and range.

Recent tests of the jetevator control system have proved the feasi-
bility of this type of control for rocket boosters, but the tests have also
shown that a materials problem may exist if higher—performance propellants
are used, l.e., higher exhaust gas temperature. Higher-energy propellants
can be used if researc}h on materials accompanies the development of the
propellants.

Although this discussion has centered on the development of propulsion
components, the design and weight of the guidance components are important
parameters in the performance of the Polaris missiles. Performance is
presently quoted with the fully operationsl and lightweight guidance system
scheduled for availability compatible with the 1960 operational date for the
A=l missile. Current components of inertial guidance system are considerably

heavier than the Polaris components, as estimated. Better estimates for the
N
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guidance system cannot be made until complete units are available in
early 1959.

Currently the design of the A-l tactical missile is just pushing the
state-of=the-art in materials, fabricating methods ,' and inspection tech-—
niques, while the B design is just beyond current develorments. However,
advances are required vhich cannot be placed on a reliable timetable, and
they provide a basis for guestioning specific Polaris B performance and
availability. Because of geometrical design constraints impoeed on the
Folaris missile by the design of the launching system, alternative solutions

for regaining performance in case of unforeseen technical difficulties are

somevhat limited. boé

——— s

Range performance is presently based on nominal characteristics apd

estimated weights, and there is no reason to question the calculations made
by Lockheed for the gquoted ranges of the A-l and B migsiles. Eowever, a
reviev of other develﬁpnent programs, as well as component performance,
results in conservative estimates which degrade the quoted maximum ranges
in order to form an estimate of the operational range. Such an estimate
would include the significant variations in rocket performance and veights,
and the operational enviromment, e.g. rain. "The actual operational range
will bave to be determined by flight test.

A set of conservative estimates of operational ranges for the A-l and
B misslles is as follows:

A=l 800-1000 n mi with heavier than programmed guidance wunit

%
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into account in determining the initial velocity inputs. The basic velocity
information is cbtained from the SINS system. It is presently planned to
launch missiles with essentially no submarine velocity.

The thrust vector is to be controlled by positioning Jetevators in the
rocket exhaust. The successful development of these jetevators is a major
problem area primarily because of the high stiction levels encountered due
to the elevated temperature condition. Jetevators have been used in the past
in the Snark booster development, but not for the relatively long burning
times of the Polaris motors, which are of the order of 60 sec per stage.

It appears that stability at staging may be a serious problem. At
staging, the second stage is aerodynamically unstable, and until thrust comes
up there is no way of controlling the second stage. Fins or a skirt could
increase the stability, but this would add extra weight and drag. Another
problem is the possible collision of the first stage with the second stage
during the time the first stage thrust is decaying and the second stage
thrust i1s coming up. These problems also exist for the Minuteman second
stage in the high dynamic pressure regime.

Guidance is discussed further in Appendix A.

D. NAVIGATIOR AND FIRE CONTROL SYSTEM

The SINS system and the Fire Control system are by far the most complex
parts of the over-all system. The SINS is & shipboard local-gravity inertial
system whose purpose is to supply, azimuth, velocity, and position information.
This information i1s sent to the fire control camputer so that it can compute
and furnish i:roper initial condition settings, proper values for the air-
borne computer conatants, and the azimuth direction. The SINS system also

supplies the alignment system, via an optical system, the direction of north,
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A=l 1000-1100 n mi with lightweight guidance and lightweight
second stage
B 1400-1500 n mi with lightweight components and the higher—
energy propellant.
R S
]
D2&
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__The Polaris third stage is an integrally designed warhead — ’ DC;O 72)
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C. GUIDANCE

The guidance for the Polaris missile is a velocity-to-be—gained scheme
developed originslly at MIT for the Thor missile. It is an excellent scheme
for an IRBM guidance system. Integrals of thrust and 1ift accelerations are
digital inputs into an airborne digital computer from the integrating accel-
erometers in the ipertial measurement unit. The initial velocitiy conditions
are set in by the subinarine-based fire control system. The airborne computer
solves & set of guidance equations and regulates thrust cutoff and supplies
the proper steering signals.

There are eight preselected targets for the sixteen missiles on board
the submarine. For these eight target points and for leunch points in the
centers of 20—n mi x 20-n mi grids, precomputed inputs to the guidance equa~
tions and the azimuth direction are stored on cards. The fire control com-
puter interpolates these values to obtain the proper settings for the exact

launch point. In this calculation the velocity of the submarine is taken
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and the vertical so that the platform can be oriented. The present concept
for correcting the drift of the gyros in the SINS system is elther by celes—
tial information obtained from star trackers or by position fixes cbtained
from bottom maps. There is some question as to hovw often clouds will cobscure
the stars so that celestial fixes cannot be made. Also, there is some question
as to how much of the ocean bottom in the intended areas of operation will

be mapped.

One of the problems in using underwater maps is that an active emanating
system must be used for an appreciable interval of time. In orxder to correct
SINS for both position and azimuth, more than one fix is required. Possible
enemy effort directed toward detection, tracking, and active defense cannot
be discounted for the future. Therefore, critical situations can be imagined
vhen the submarine needed a fix and wished to remain quiet. Position and
azimuth are so important to the Polaris system that much effort should be
expended in this area during the early system development period. An addi-
tional capability wounld result from designing the stellar optical system to
also sight on surveyed landmarks and lights.

The fire control . system is & very complex one. It must calculate and
supply initial conditions, guidance constants, azimuth direction, and veloc-
ity corrections for erection of the inertial platform to aixteen misailes
under constantly changing conditicns. The reliability of such a system seems
to be quite a problem, and a failure of the fire control computer would put
all sixteen missiles out of commission.

Many of the problems are relieved by the submarine sitting quietly on
the bottom with locked gimbals, where possible, particularly in areas or
undey weather conditions when corrections to SINS might be difficult or -

impossible to obtain. ;
g S
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ITI. CONCEPT OF OPERATIONS

A. OPERATIONAL PLAN

Under present plans Polaris submarines will operate from overseas
tenders for a periocd of two and a half years and then return to the U.3. for
8ix months, which includes four months in a shipyard and two months in train—
ing. While in a State-side shipyard a submarine will undergo recoring of
the reactor, depot-type maintenance, and required modifications. While over-
seas & S90-day cycle is planned with a subtmarine alongside its tender for 13
to 20 days undergoing servicing and maintenance, in training away from the
tender for 7 to 10 days, and on station or in transit (to and from) for &
to 70 days. Two crews per submarine are planned with each crew taking alter—
nate 90-day duty cycles.

The overseas tender concept appears to offer the most effective and
least costly mode of operations. It would also appear reasonsble to station
tenders in areas from which targets could be reached. If the more conserve—
tive overseas cycle is assumed, the effectiveness ratio for the force is
0.65. That is, two-thirds of the time, the submarines are overseas away
from a tender and, thérefore, possibly untargetable. If the tender time
could be cut to 15 days, and the time in the U.S. to 3 months, the effective—
ness ratic would be increased itoc 0.80. It appears technically feasible to
reach an effectiveness ratio around 0.6 or 0.65; however there may be psycho—
logical problems involved in two crews continually taking alternate 90-day
duty cycles on the same submarine for two and a half years. For & gliven
support level the coat of the system varies inversely with this ratio. If
the support levels are fixed, an increase in effectiveness ratio from 0.5
to 0.7 would result in a 40 per cent decrease in costs or force requirements

-n,

in order to do the same Job.
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When the force size is large encugh to require several tenders, the
tenders can be located so that the submarines would have a target coverage
capability in transit to and from their on-station areas. Under this con-
cept the force could have the fastest response time of any protected stra—
tegic system proposed to date. The two-week transit time to and from the

U.S. out of three years is insignificant, amounting to only 1.4 per cent.

B. LOGISTICS

In a paper distributed by the Chief of Raval Operations, entitled
"The Navy of the 1970 Era," 50 missile submarines are allocated to the
strategic mission. This force includes about 40 submarines with the final
version of the Polaris ballistic missile, and about 10 smaller submarines
with later-generation missiles classified as "very precise,” which could
also be used for tactical purposes.

Taking a force of S0 submarines as an example, and assuming a 30 to
6€0-day cycle overseas with two submarines per tender and a S-month shipyard
time per three years, with the full 30 days or 6 months spent alongside the
tender or in the shipyard, 7 tenders and 9 drydock spaces would be required.
If one~third of the rominal shipyard or tender times were spent in training
in open waters, then 5 tenders and 6 docks would be required. Further, if
& tender serviced 3 submarines instead of 2, only 3 tenders would be required.
If multiple drydocks per yard were employed, then points to be supplied are
further reduced. The tenders are small shipyards and are, from a mainten—
ance standpoint excluding re-supply, essentially self-sufficient.

From this brief exercise 1t appears that the logistic requirements for
the Polaris system are modest. Five tenders and 5 shipyards and 2 drydocks
per yard could support a force of 50 submarines. Two missile depots, oﬁe

I R, o
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on each coast, might be desirable in order to facilitate the flow of
materials. Since we do not have a Navy Logistic Plan, we can hypothesize
Hawaii supporting the Pacific force, thus saving 4500 n mi, and two points
on the East coast supporting the Atlantic force. 6ne or two tenders for

the Pacific and three or four for the Atlantic would be sufficient. For the
force used in this example the flow of materials would be from the factories

to 2 depots, to 3 yards, to 4 or 5 tenders.

C. EFFECT OF MISSILE RANGE

In order to get an appreciation of the target coverage for the early
missiles and also the effect of missile range on ta.rget coverage the
following nine missile launch points were assumed as being fairly reasonable:

A — off southern coast of Spitzbergen

B = off northern Norwegian coast — vicinity of Tromso

C — off southern Norwegian cosst — vicinity of Bergen

D = Tyrrhenian Sea — vicinity of Genoa

E — Northern Aegean Sea - vicinity of Salonika

F — off southern coast of Turkey - vicinity of Antalya

G — Persian Gulf’

H — Arabian Sea — vicinity of Karachi

I — off southern coast of Hokkaido, Japan
The ability to hit the 135 cities of at least 100,000 population in the S.U.
vas considered, using missile renges of 1000 and 1500 n mi. The only cri—
terion wvas range; missile performance, reliability, etc. were not taken into
consideration. The total population of these 135 cities was estimated to be
approximately 435 million in the early 1960's. The following table shovs ‘the

target coverage for the assumed launching points for a missile of 1000-n mi

1t.r\‘- B
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Launch Point Number of Cities Population
Within Range ( thousands)
A 5 610
B 21 11,653
c 14 3 10,428
D 14 3,766
E 50 12,124
F 50 12,778
G 1o 2,612
H b 1,008
I 4 930

Approximately 4O per cent of the first ranking cities cannot be hit with a
1000 n mi missile. The total population of the 82 cities included in the
above table is 30.0 millionm.

With & missile of 1500-n mi range the following data apply:

Launch Point Rumber of Cities Population

Within Range thousands)
A 67 16,308
B 86 28,209
c 78 25,424
D 72 23,219
E 89 28,677
F 94 30,346
G 55 13,689
H 13 3,581
I 6 1,225

Approximately 12.5 per cent of the first ranking cities camnot be hit with
& 1500-n mi missile. The total population of the 119 cities included in
the above table is 38.8 million.

From these tables it is evident that in the initial stages of opera—
tions (i.e., few Polaris submarines available) the most advantageous areas
for launching missiles to hit cities is the Mediterranean Sea, pointe E

and ¥, followed by points B and C off the Norwegian coast.

D. COMMAND AND COMMUNICATIONS

The most critical area in the entire Polaris weapon system is the area
L
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of command, control, and ccumunication after the event of a Soviet surprise
attack. It is important to understand that although the submarines at ses
are mobile, their command and control and much of their communications are
not. If communications are so disrupted that retaliation is delayed by days
and i1s uncoordinated, then the effects of this retaliation could be well below
the expected level, if the enemy had active defense against re-entry bodies,
had an ASW capability against the Polaris submarine, and evacuated people
from major cities. The characteristics such as mobility, concealment, and
dispersal in overseas waters that give the Polaris submarine a low order of
vulnerability also make the system very difficult to control, particularly
under & coordinated surprise attack on this country and overseas strategic
facilities. However, if the Polaris system can be controlled and coordinated
even though communications are delayed many bours, the system would retain a
significant capability, particularly if the vulnerability, response, and
posture of the ZI-based strategic forces were adequately improved. In this
case the mixed and diversified strategic forces would angment each other and
result in a better capability for both deterrences and counterforce. 1In
fact, the situation can be imagined where Polaris would have a significant
value over days or ve'eks, including a negotiable value for bringing a war

to a conclusion.

The system that would be desirable is cne that could alert the submarines
and transmit orders reliably in a matter of minutes. There are some contin-—
gencles where rapid response would be of extreme value. However, such &
system is extremely difficult to obtain if the enemy does not cooperate.

For the early 1960's the Ravy will depend primerily upon three high—
power VLF/EF radioc stations for transmission from the U.S. One is located at

Annapolis, Maryland, and a second at Jim Creek, Eashington; and a third will

SEAEF
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be located in Maine to be operational in late 1960. VLF and HF W
1

_ vulnerable 1o low levels of overpressure . of the ord.er of 2 psi. ’5 s
¥
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scords from ionospheric
sounders at dispersed g:round 1ocation and alrborne sounders flown through
the surrounding areas indicated tbat an intense artificial ionosphere was
created almost instantaneously at about 35 to LO-mile altitude. This layer
was observed to extend to d.ista.nces of 800 miles or more from the shot area
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ionization decayed after 20 minutes or so sui'ticiently to allow many Hawaiian
circuits to be restored. However, a second and even more intense radio black—
out period was observed at Hawaii shortly thereafter. This one lasted for
several hours after shot time. Larger weapons or weapons specifically de—
signed to produce absorption and burst at perbaps more optimal altitudes

could produce more intense and prolonged effects than those observed for

these shots. There are also the possibilities that weapons detonated at

about 100 or 200-mile altitude may cause signal interferences extending to
higher radio frequencies, or that other types of weapons may eventually

prove effective in producing high—intensity background noise in the l-mega-

cycle to l00-megacycle portion of the spectrum.
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The approach thet the Navy is presently taking for the early time periocd
before new developments will be available is quite reasonable. This approach
considers the use of depth charges which could be delivered by missiles, in
order to alert submarines to surface an antenna for'receipt of orders,and the
use of various relay schemes. The problems involved appear to be those of
preplanning and procedures rather than of technical developments. After an
attack that the Soviet might launch against the U.S. and overseas facilities,
a tremendous amount of communications equipment in the U.S., at sea, and in
friendly countries would survive due to sheer numbers. With intelligent pre-
planning of procedures relative to various contingencies, communications
could be quite reliable. The preplanning should include the use of any and
all equipment that might have a capability, rather than a few best approaches,
Even hardened multiple terminals on the transatlantic cable may be interesting.
In such an environment the control of the strategic and defensive forces would
be of singular importance.

In order to alert the submarine force, the use of seismic equipment in
submarines might be applicable as a bomb alarm system. The only backup for
various alert schemes would be preplanned listening times.

For later periods the Navy is interested in such schemes of communi-
cating as sonar, underwater cable nets, meteor-burst techniques, communi-
catlons satellites, etc. All of these schemes should receive research and
development support. Reliable communications are basic to all weapon sys-

tems, and especlally to mcbile systems.
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These preliminary cost estimates of the Polaris Weapon System are based
on both informstion obtained from the Navy and RAND' estimates of the unknowms.
However, they are not to be considered as either precise or final. The
Special Projects Office has been quite cooperative in making available
information known to them. However, there remain areas of uncertainty.
Therefore, the usual admonitions pertaining to cost estimates in general
apply.

Cost data obtained from the Navy pertain to nine submarines and one
tender, although uncertainty exists as to the number of submarines that will
be in the preliminary program. Congress has appropriated funds for six
nuclear-powered Polaris submarines in the Fiscal Year 1959 program. This
is in addition to the three funded in FY 1958 and currently under construction.
Construction of an additional two submarines has been approved, so that five
submarines are definitely in the works. However, the additional funds ap-
propriated by Congress for the additional four submarines have not been al—
located. It is anticipated that when it next convenes Congress will exert
considersble pressure ;on the Administration to release the funds. The Navy
meanwhile is thinking in terms of nine submarines, and it is on this basis
that the costs estimates are made.

The plan of operations for the submarines and tender has been outlined.
One tender is still contemplated for nine sutmarines, which Ravy personnel
feel 1s adequate. However, there are plans for an additional tender specifi-—
cally designéd to support Polaris submarines. Construction costs for this
additional tender are estimated at sixty-one million dollars. Each submarine

will have sixteen missiles on board plus an additional sixteen on the tender.
%,

'T?‘E‘E"%‘;, i

SECRET ™



ATRIRIE 2 o omgingpmia

TAed i 0 B R
10-28-58
22

Table 1 on the following page lists the initial investment and annual
operating costs by item following the RAND Cost Analysis Department format.
These costs are based chiefly on the figures obitained from the Special
Projects Office and the implications of these f:l.gu.t:es.

A discussion of these costs is given in Appendix B.
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Table 1 10‘23"22

S WEAPONS SYSTEM — REVISED COSTS, NINE SUBMARTNES™
(Amounts in millions of dollars)

Item Initial Annual
Investment Operating

Installations
Base Facilities 10.0 —
Training Facilities g 0.4 -
Base Maintenance - 3.4
Equipmenr
Submarines S00.0 -
Missile Launching and Control System Equipment - 43.2
Tender 26.0 -
Tender Equipment - 0.6
Missiles (160) 171.2 28.9
Missile Containers 8.1 1.6
Base Equipment 7.0 1.5
Training Equipment 5.9 1.1
Stocks
inltial Stocks and Readiness Reserves 9.4 =
Initial Spares (missiles only) 43,2 —
Initial Spares {shipboard FEM) 9.0 -
Transportation 2.9 0.8
Personnel
Training 10.1 4.0
Pay and Allowances - 14,5
Travel 0.4 0.1
Maintenance and Fuel
Submarines — 20.3
Tender - 0.3
Services and Miscellanecus - 9.6
Command and Major Support Command
Administration : - 20.2
TOTAL 1203.6 149.9
If Interim Communications are added:
Facilities k6.2 2.3
Equipment 6.4 T
TOTAL 1256.2 152.9
Per Subtmarine (139.6) (17.0)
Per Missile (8.7) "1.06)
Research and Develoment 100.0 -
TOTAL 2296.2 152.9

*A more detailed analysis of these costs is given in Appendix B.
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V. EFFECTIVENESS

A. VULNERABILITY

The principal characteristic of the Polaris s;rstem that distinguishes
it from other strategic bombardment systems now planned for the 1960's is
its ability to move continucusly in a medium which favors concealment. This
movement may rule out the possibility of the enemy knowing in advance the
precise geographical coordinates for this force s except for the part of it
undergoing overhaul in port or being serviced at & tender. It is hoped that
the system will be little vulnerable to surprise atomic attacks ; and less
cautious comments suggest that the system will be invulnerable. However 3
it would appear that the submarine is not inherently invulnerable. The real
question is: what can the Soviet Union do to counter the Polaris threat 3
and how much effort might it take? It must be assumed that the Soviet Union
will work hard at countering this system.

Since the Polaris will come into operation in a period when the Soviet
Union is expected to be able to send large numbers of missiles against the
U.S. with little or no warning, backed up by manned bombers s the attention
focused by the Navy o:i the problem of surviving enemy attacks in the design
of this system is clearly warranted, and it is this aspect of the systen
that is its chief virtue. However, while peacetime movement and concealment
are useful virtues, they are neither necessary nor sufficient in order to be
able to strike back. It is erronecus to regard e fixed system as vulperable
and a mobile system as invulnerable. For example, the U.S. has plans for
fixed, hard, dispersed bases able to withastand heavy thermonuclear missile
attacks; while on the other hand, a few mobile aircraft carriers in a limited

area near an enemy represent targets nearly as vulnerable as soft fixed bases

dibagy.
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to a premeditated surprise attack.

There appear to be two broad alternatives open to the Soviet Union in
countering the Polaris threat by killing the submarines: (1) detecting and
tracking submarines in peacetime with the intention of killing them at the
time of a coordinated attack on other U.S. retaliatory rorces,* and (2)
locating submarines from patrol aircraft or ships by detecting missiles
during launch and in the first part of flight, followed by a rapid counter-—
attack.

Subnayrine Detection and Anti-Submarine Attack

This section considers the more typical undersea warfare methods which
the Soviet Union might employ in defense against a retaliatory attack by
submerine—launched Polaris missiles. Throughout the field of underses war—
fare, which 1is as broad and complex as the field of air warfare, undervater
sound devices are the counterparts of radars in air warfare; and they are
Just as important in determining the characteristics and capabilities of
weapon systems., However, underwvater sound devices generally work very poorly
compared with their radar counterparts. This fact tends to give the intrud-
ing submarine & relatively greater advantage than an intruding aircraft.

On the whoie the two fields are about even as far as technical develop—

ment and basic understanding of the physical processes are concermed. Radars

*'l‘here is, of course, the possibility that attempts might be made to
kill our submarines in peacetime, especially if this could be done in & way
unlikely to give positive evidence of the attack, i.e., if the only evidence
we would get is the failure of our submarine to return to base. This might
happen if we were to attempt to operate in an area regarded by the Russians
as a private preserve. Perhaps more likely would be an attack on submarines
in retaliation for some obJjectionable U.S. move. For example, there have
been proposals in DOD that the U.S. sink Soviet submarines that approach too
near our coasts. If we vere to adopt such a policy, we should expect that some
of our Polaris submarines would fail to return to base. 1In fact, a truly
limited war can be imagined which is limited to submarines and only a few

submarines. "
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are far more numerous, more varied, and more cammonplace, but these differ-
ences do not indicate a corresponding difference in understanding. On the
vhole pretty fair guesses can be made as to the evolutionary course which
radar will take; at least the future is planned on’'this basis, and that 1is
really the important point for this discussion.

In sonar, at least among those who are not familiar with the subject,
there is sometimes an inclination to think that matters are different. This
viev amounts to a denial of the present understanding of the field; it is an
uowillingness to plan for the future on the basis of what is actually known;
it is nearly a hope that a miraculous cure will dispel unpleasant reality.
It is unwarranted. The main avenues along which sonar improvement can be
expected have been clear for years, and development is proceeding down them:
higher radiated power, better radiation patterms, lower frequencies, bigger
arrays, improved signal processing. As with radar, more data are needed on
long-range propagation, especially over-—the-horizon effects and long-range
clutter. However, one can make fair estimates of the improvements to be
expected from a given effort. It is the ocean, not Just the engineering
skill, which sets the limits and the price on performance.

In both radar and sonar the question is not really whether a major
nation has the technical know-how to obtain a certain capability. It is
ingtead wvhether the nation chooses to pay the price. Just as a sufficiently
numercus assortment of radars could be used to track small lov-flying air-
craft anywhere in the U.S., so too a sufficiently numerous assortment of
sonars could track a submarine anywhere in the ocean. The cost of such
radar coverage 1s astronomical; so is the cost of the sonar coverage.

It 1s not possible to give a concise answer to the guestion of wbat -

range sonars can achieve. It 1s pecessary to brgek the answer down into at
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least a few different cases. Besides the nature of the sonar itself, the
following variables influence the answer strongly:

- kind of sonax platform

— speed of sonar platform

= depth at which radiator is placed

=~ water depth to bottom

— depth of target

- temperature structure

- character of the bottom
There are combinations of these variables for which the sonar range is as
little as 100 yards, and there are others for which we hope to achieve 100
miles in future equipment. An "average" is essentially meaningless.

Capabllities of U.S. Active Sonar

The estimates presented below of present and anticipated active sonar
capabilities are taken entirely from a report prepared during 1956 and pub—
lished during 1957 by the Committee on Undersea Warfare of the National
Research Council.” However, additional couments and information are included
which are based, in part, on a series of recent visits to Navy agencies
including OpNav, BuShips, USNUSL, NRL, and USHEL.

The active ranges presented are those for 50 per cent probability of
detection of a random-aspect submarine at 14 db target strength, and are

based on the following set of standard conditions unless otherwise noted.

*Peterson ; S. A., Expected Active and Passive Sonar Detection Capa-
bilities of Current and Future Platlorm-Equipment combinations, NRC:CUW:
0241, April, 1907 (Secret). ;
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0 Deep water (2500 fathoms), convergence zone paths exist

0 Mixed surface-layer depth of 100 £t

o Surface temperature of 50°F

o Sesa state 2

This situation represents an approximate average of conditions for the
middle North Atlantic over the spring, summer, and fall periods. During
the winter the mixed layer depth increases to depths greater than 300 £t
because of the higher wind forces and concomitantly higher sea states.

With ASW surface shipe at about 15 knots or less, estimated ranges for
equipment dependent upon transmission paths near the surface vary from 2 to
12 n mi against a submarine in the layer and from 1 t¢ 3 n mi for a sub-
marine below the layer. The higher value for the submarine below the layer
depends upon the surface ship carrying a sonar radiator which can be put
below the layer. The higher values for a submarine in the layer show the
anticipated benefits of low freguency and high power, but the influence of
the layer is evident. It must be emphasized that the 1l2-n mi estimate,
even though by surface paths, is for d_eﬂ vater.

For equimment uing the convergence zone, estimates vary from 25 to
€0 n mi, dependent upon surface reflection loss. For bottom reflection
paths ranges vary from 5 to 15 n mi, dependent upon bottem characteristics.

Surface ships which move about at high speed are virtually useless as
compared with slower ships; the curves of self-noise versus speed climb
astronomically above about 18 knots, and there is no present reason to
foresee much'change in this situation. Hence, S.U. surface search forces

must obtain search rate by numbers and not by speed.
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With airborne equipment using dipped sonar at speeds from 10 to 35 knots,
estimated ranges vary from 1.5 to 7T n mi against & submarine in the layer and
from 1 to 2 n mi for a submarine below the layer. However, these aircraft
move glowly in terms of the distances involved and rin terms of the speed with
vhich & submarine can break off sonar contact; hence such craft require bas—
ing rather close to the operating area. As things stand today the S.U. does
not have such bases near the potentisl Polaris operating areas except for
the Barents Sea. The appearance in the Russian fleet of numerous small air—
eraft carriers would probably signal the development of such basing capa—
bility for the Norvegian Sea. In any event such sonars are intrinsically
limited by the weight, size, and power capabilities of the platform and so
cannot be expected t0 show great range improvement in the foreseeable future.

Explosive echo-ranging has not lived up fully to the expectations of a
few years ago, and ranges are estimated between 1/2 and 5 n mi. Inasmuch as
an. explosive source denies the use of scme valusble signal processing schemes
in the receiver, this is perhaps not surprising.

With a submarine platform, ranges vary from 1 to 10 n mi, dependent
upon whether the tracker is noisy or quiet and whether the target is in the
layer or below it. However, the submarine can dive in and out of the thermal
structure as his target does; if nuclear, it can maneuver and speed up so
as to remain on the tail of the target. To do these things the pursuing
submarine must use active sonar, and so is vulnerable to attack himself;
but at least he cannot so readily be shaken off the trail. Except for the
fact that these values pertain to deep water only, these estimates are
probably the most conservative of any given in the NRC report.

On the whole the estimates presented are more relevant to the "classic"
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anti-submarine war in defense of overseas transport than to defense against
Polaris. Two factors particularly lead to this comment: <the choice of
wvater depth and sonar conditions, and the presenta?ion of 50 per cent
probability ranges.

The contemplated use of Polaris undoubtedly involves operation in
the North Sea, alcng the Norwegisn Coast, and possibly in the Barents Sea.
All these waters are shallover (mostly about 100 fathoms rather than 2500
fathoms), and the temperature structure is probably poorer than that assumed
in the NRC report. The NRC estimates for long ranges by reconvergence or
by deep-water bottom bounce are inapplicable in shallow water. Even the
estimates of ranges by near—surface paths are on the optimistic side in
these shallow waters because of temperature structure and bottom rever—
beration.

Fifty per cent probability detection ranges are useful, but they are
perhaps more indicative of the operational problem in a protracted war of
attrition than in a sudden-death, all-ocut strategic nuclear war. The
50 per cent probability ranges should be supplemented by 90 per cent
probabllity ranges, b;caﬁse such high values more nearly characterize the
problem faced by the defenders. Because of temperature and bottom condi—
tions it is not uncommon to encounter 50 per cent probability ranges of
one or two kiloyards and 90 per cent probability ranges of zero yards.
That is, in many shallow water areas the defending forces, especially
surface ships and shallow dunked sonars, may never have 90 per cent proba—

bility of detection because of temperature structure and bottom conditions.
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The NRC report data also tacitly assume that the submarine fails to
execute some of the evasive maneuvers which a Poleris nuclear btoat could and
probably would use. Aside from countermeasures, the boat can turn tail
aspect on his pursuer, thereby reducing his echo stme four or more db below
the wvalue assumed here and knocking the bottom out of 90 per cent ranges
for many equipments. Further, the boat can reduce speed to very few knots,
thereby nearly eliminating the doppler differential whereby the ASW vessel
seeks to sort him out from the reverberation. In shallow seas up to per-
haps 200 fathoms the boat can simply lie on the bottom. To discriminate
the boat from other objects on the bottom ther becomes very diffiecult; if
the bottom is at all rough and rocky the boat blends in, and only a high-
resolution map of the bottom can disclose the boat by its shape. Finally,
if the defender is not well equipped with low-frequency passive sonar in
the cambat area, a nuclear submarine can, if he chooses, simply run away
from surface ASW forces. These latter vessels cannot make better than about
15 knots without sacrificing detection range seriously. The nuclear boat
can easlily afford to go faster if he 18 reasonably sure he will not be

tracked on passive gear.

Capahilities of U.S., Passive Sonar

In recent years the great hope for the ASW problem has been passive
sonar: that is, low-frequency listening equipment in deep water to hear
the nolse radiated by submarines. By using long lines of rather simple
receiving units it 1s possible to obtaln considersble directivity even at
low frequencies (e.g., 100 cps). The mmerous receivers are strung along
| multi-conductor cable, so that each output 1s brought separately to the

beach. There phasing networks are used to make steersble beams or groups
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of fixed beams from a single array of hydrophones. Bearing accuracy of 2 -
degrees at wavelengths of 50 ft is typical of the performance for existing
gear. By triangulation two such arrays can now yield a position fix with
typical accuracy of about 4 miles radius; this is good enough for surface
active sopnar to finish the job with a modest amount of search.

By using low frequency, such shore-based deep listening arrsys can
achieve detection and tracking at ranges of hundreds of miles because of
low attenuation and duct propesgation in the deep sound chanmel. It is
important to cbserve that it is only in deep water that such long ranges
can be achieved. In shallower waters bottom absorption and multiple scat-
tering reduce the range drastically.

Much the same techniques which are used in deep-water bottom-mourted
arrays can be used in shallow water and in smaller arrays carried aboerd
ships, notably submarines. In shallow water, as noted above, ranges are
rerforce less under otherwise similar conditions. Ranges in ship-mounted
gear are also less, partly because of interference from own-ship noise, but
also because the array is smaller. Much effort is now devoted to quieting
the new attack submar}nes sc as to Ilmprove thelr listening ranges; however,
it should always be possible for bigger bottam-mounted arrays to give
appreciably longer range.

The listening arrays which can yield such long ranges against snorkel-
ing submarines can yileld comparably great ranges against noisy nuclear boats
(e.g., Nautilus). Furthermore the ranges are quite long against high-speed
boats even if they are otherwise fairly quiet. But against Slow boats and
against slow, quiet nuclear boats the passive detection ranges fall to
values ccmparable to active sonar range or even less.

For the foregoing reason the vulnerability of the Polaris weapon system
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will be critically dependent upon the ability of the submarine to be guiet.
This is probably the most critical factor in the whole problem of Polaris
vulnerability, because the S.U. will not find it difficult to track noisy
boats. On the other hand they will find it very d.’;.fficult to detect quiet
boats.

For a submarine platform at slow speeds, detectlon ranges against a
snorkeling or cavitating target are estimated to be as much as 90 n mi for
certain equipment, while an increase in speed of the platform to about 13
knots decreases the detection range by a factor of 10 and more. If the
target is quiet at low speed then detectlon ranges are low--of the order of
5 nmi or less.

For shore-based deep arrays, detection ranges vary from values of 200
to 1000 n mi against a high-speed noisy nuclear boat such as the Nautilus
to (?7) to 5 n mi against a quiet battery boat or possibly a quiet nuclear
boat at low speed.

Shallow-water arrays are estimated to give detection ranges of 20 to

50 n mi against snorkeling boats and 1 to 10 n mi against quiet boats.

Sonar Countermeasures

Although all sorts of active and passive sonar countermeasures were
employed during WW II, it is only rarely that one finds countermessures
brought into a discussion of the potentialities of a sonar weapon system.

In this respect the whole field of sonar is less advanced than radar, where
a universal consclousness of countermeasures exists. Not that the techniques
and devices for sonar countermeasures are lacking; rather the absence of
this phase of the problem from sonar system analyses scmetimes lends an air

of unrealistic optimism to forecasts of capability against a skilled and
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determined enemy. Polaris submarines could derive much protection from
well used countermeasures; they should be incorporated in the weapon system,
and they should be accounted for in an estimste of vulnerability.

There are several techniques and devices which can help a submarine
avold detectlion entirely. Probsably the most important of all is simply to
be quiet. However, even the quietest boat faces acme small chance of bheing
found more or less by accident. One way to diminish this chance markedly
is by painting the submarine with a sound-absorbing coating. During WW II
the German Navy developed sbsorbing coatings; there is some controversy over
their actual effectiveness and over the absorption mechanism in the material,
but there seems little doubt that some absorption was obtained. In this
connection 1t must be emphasized that as little as 3-db echo reduction can
have drastic effects on detection probability, especielly in shallow water
vhere reverberation limits the detection range severely.

The old NAC and NAE beacons and their various kin are sonar noise-
makers which a submarine can eject to jam enemy sonar. They are the counter-
parts of radar noise and sweep Jammers. They work to same degree, and bhelp
& submarine to break;off sonar contact once his presence in the area is
known. To work against the new high-power, low-frequency sonars, bigger
and more costly devices would be needed. Such a development is certainly
possible; its worth would require careful system analysis. Presumsbly if
such nolsemskers have a place in the scheme of things 1t must be to break
off contact by a tailling S.U. boat during peacetime.

A different family of noisemakers could be employed by U.S. boats to
Jam Soviet fixed sonar installations (such as bottom-mounted or buoy-mounted
active ar passive systems). Fairly cheap battery-operated noisemakers -

could be planted close to such arrays. It woul% probably cost the S.U. more
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to disable the noisemakers (without damage to their own systems) than it
would for us to place them by air drop or by ejection from the torpedo
tubes. Such noisemakers, with a useful life of a few weeks, might be laild
in times of international tension as part of a low-level alert.

Homing torpedos, both active and passive, are in use. These can, of
course, be used as defensive ordnance with considersble effectiveness. A
submarine is not helpless against attacking ships, because the submarine
can usually detect and track the surface ship long before it is itself
detected. However, homing torpedos can also be used against bottom-mounted
active sonars. The exchange ratio can be quite attractive, and it should
be possible to deter the S.U. from emplacing sizable sonars in internstional
waters.

Dragging or cutting the cebles to fixed installations is not very dif-
ficult, especially if the location to drag is reasonably well known by
virtue of watching the installation go in.

Underwater demolition team (UDT) swimmers can be launched from and
recovered by a submarine. If equipped with underwater sleds, such men are
quite mobile. In shallow waters they can explore the bottom to £ind hostile
installations. They can cut cables or disable equipment. More subtly, they
can move equipment from place to place or rotate it so it gives false bear-
ings. They can cover it with sheets of foam rubber soc as to put it out of
business. UDT men can also inspect their own submarine to discover limpet
bombs; this would seem to be a2 necessary defensive move, especially in the
Mediterr anean where limpets might be very attractive to the S.U.

If Polaris submarines plan to lie for sppreciable periods in shallow
vaters off the Norwegian coast, they might help themselves by ejecting

from their tubes simple battery-operated echo-reagaters. A bevy of such
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devices strewn about in shallow waters would give the S.U. forces a col-
lection of false submarine targets to investigate (and perhaps attack).

It should not be unduly difficult to comstruct a battery-operated device
which emits a line spectrum roughly resembling a LOFAR gignature of a
diesel engine. A series of sharp low-repetition rate pulses is needed.

These could be used to deceive or to saturate long-range, low-frequency
passive sonar.

Friendly surface shipping can be sailed around in the viecinity of low-
frequency pessive arrays. These ships can be made to put out sizable amounts
of noise (a freighter running light with a bent propeller shaft is especially
good at this) and so to render the passive array nearly useless. Of course,
anchoring the freighter, doing a fair amount of hull riveting, and then drag-
ging the anchor across the array can be helpful additions to such a scenario.

Surface shipping, even hostile vessels, canbe used to penetrate & bar-
rier. A submarine can run under a surface ship or hang on in his wake with
only moderate difficulty, and it is very difficult for search forces to find
him there. Unless S.U. destroyers are equipped with exceptionally good
sonar, a daring submariner could even tag along under a destroyer returning
to port. At night during peacetime a submarine can run on the surface close
to merchant shipping with very slight risk of detection. In that position
radar is not likely to find him.

At night a submarine can run close to a shore on the surface with small
risk of detection, especially if he exercises modest caution to detect un-
friendly radar and sonar early enough to dive and lie on the bottam.

In nearly all conditions a submarine is safest at shallow submergence,

and he is much safer in shallow coastal waters among islands. This tactic,

with quieting, with an echo-reduting coating, and&with a few countermeasure
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devlces, should make a nuclear submerine nearly undetectable.
Further discussion of sonar capabilities, sonar propagation paths, and

ASW is given in Appendix C.

Missile Detection and Counter-Submarine Attack

If, as seems likely, Polaris submarines will be extremely difficult to
locate in peacetime by standard anti-submarine techniques » there remains
the possibility that the Russians might attempt to locate submarines by ob=
serving the launch and flight of their missiles using patrol aireraft. The
capability of this detection method will depend critically upon the speed
with which the missile load can be fired, and the Navy hopes that quite
short firing periods will be possible. Currently, l-min intervals between
Tirings are expected, or 15 min in total, and possibly this time can be re-
duced. However, especilally in the early years of operation, system dif-
ficulties and malfunctions may seriously slow down this rate of fire. And
the longer the time needed for launch, the more opportunity is offered the
defense to locate and counterattack before the launch of the entire missile
load. j

During powered flight, the missiles will probably be easgy to detect
by infrared techniques from aircraft above clouds at distances out to
hundreds of miles. By using combinations of infrared detection and azimuth
determination, and radar ranging on the missile, the location of the sub-
marine could probably be determined within 2 n mi or less with high proba-
bility on the basis of observing one missile firing. Observation of suc-
ceeding missiles would yield still more precise location information. Since

the submarine must be very nearly dead in the water while launching, its-

position will change little between firings. At 5 knots the position would
e
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change 0.4 n mi in 5 min.

One possible anti—eubmarine weapon to use together with a detection
system of the type just discussed might be a 3000~ to 4000-1b ASM with a
1-MT warhead. Each patrol aircraft could carry at least two. The time of
flight to impact at a range of 100 mi would be about 3.5 min with a delivery
accuracy of about & mile. At 100 n mi radar ranging could have a accuracy of
less than 1000 ft, and 1 n mi in azimuth is 0.6° which is easy to obtain.
The equipment aboard the patrol aireraft would not be simple, but such ejuip-
ment has been designed. It would include a doppler-inertial navigation system
and a fire control computer. The area coverage by such a system would be
critically limited by ASM performance and the Polaris firing rate. A system
designed around a 100-n mi ASM could expect to get an ASM on target within
> min of detection, and would require 50 patrol aircraft on station per
million square miles.

If the operating areas for Polaris were limited, the force required
by the Russians to operate an airborne patrol of this type would not be
large. It would not have to be a continucus airborne patrol like cur over-
vater DEW operation, but might operate often enough not to be mistaken as
a possible signal of attack. However, the back-up ratio would have to be
sufficient to operate effectively for at least weeks. An area 1000 by
300 miles in extent in the Norwegian Sea, ocne of the more attractive areas
for our submarines to operate, could be gquite well covered by 15 patrol
gircraft on sta.tion.* However, if the operating area were as large as
5 million square miles, which would be the case with submarines and tenders

*The Norwegian Sea, which is important for our submarines, is one of
the most accessible areas to the Soviet. Also of great importance is the

Aegean See and the Eastern Mediterranean. Soviet patrol capabilities

there are limited now by the need to over—fly a FATO country, but bases in
Alvenia ¢ .34 be built up, and possibly also in the United Aradb Republic.
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in both the Atlantic and the Pacific, 250 aircraft would be required on
station; and with & backup of at least 3 to 1 this would reguire a force
of 1000 airecraft. Such a system would be expensive.

If the Soviets chose to patrol certain areas, there are alternatives
open to counter the threat. One i1s for the submarines to launch close in
to shore, especially a steeply shelving shore, e.g., inside a Norwegian
flord or near & precipitous Aegean island. This tactic could make much
more difficult the attacker's precise location, especially by radar; while
Soviet counter-submarine warheads falling on land would not damage a sub—

mexrged submarine.

Submarine Physical Vulnerability

" —

35
b
L.

..[ Better estimates are pres—

ently 'being prepared and wi.ll be aubm.itted a.t a later date.

Sub Depth Bozmib Depth Damage Radius Equivalent Hardness

(£t) (£4) (n mi) in Alr (pei)
50 v 1.6 10
b, 2.9 L
100 ‘. 2.5 5
. 3.2 'S
500 3.6 3
3.8 5

e —

Other possibilities open to the Soviet Union for countering the
Polaris system are discussed in Appendix C. However, several points are
fairly clear:

1. There are actions that the Soviet Union can take in countering _

the Polaris threat by attempting to kill submarines, and a serious effort
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on the epnemy's part to do this should be expected. If the threat of possi-—
tle Soviet actions is ignored, the capability of the force could be reduced.
Especially in the early %60's, when the force is small and operating areas

are limited due to missile range, the enemy will hdve an opportunity to detect
and attack the force if he develops the capability ahead of time.

2. There are, however, a wide range of alternatives which appear, at
this writing, to hold promise of making extremely difficult the Job of
countering the Polaris force. Therefore, if sensible tactics are used and
if the boats are quiet the Polaris system would not be expected to suffer

much attrition before the lasunch of its nissiles.

B. TARGET DAMAGE CRITERIA

The question of what sort of damage capability can be considered a
deterrent is unresclved. Intuitively it has always secemed that the expecta—
tion or even the mere possiblility of massive retaliation must deter a
potential aggressor over a larger range of circumstances than would that
of gome lesser retaliation. However, there has been no definitive analysis
of the relation between damage capability and deterrence, and in its absence
there is a tendency tg gravitate toward some minima] damage capability,
since this results in lower system costsa.

Estimates, or Juast pure guesses, for the damage capability necessary
to deter vary upward from 25 per cent structural collapse of about one
hundred cities and sbout ten million dead.

Although this lowver level of destruction would be calamitous, and the
threat of it would iphibit the Russian decisionmakers in some degree,
calamities of greater magnitude have already been survived by the Russians.

Ten million fatalities would deprive the 8.U. of no more than 5 per cent
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of its total population or 12 per cent of its urban inhabitants. During
WW II the German forces at the time of their farthest advance occupied
territory which today contains 30 of Russia's 76 largest cities and nearly
Lo per cent of its total population. Further, the Soviet population loss
resulting from WW II amounted to scmething like 20 million - 10 per cent
of its 1956 population. Evidently even such losses are not disastrous in
any final sense, for the Russians were able to continue a major military
action, win the war, and subsequently recover, It may be conjectured that
e retaliatory force which falls substantially short of being able to threaten
damage as great as that from which a recovery has already been made might
on some future occasion also fall short of being an adequete deterrent.

At least there is a reasonable doubt that the threat of lower levels
of damage is sufficient. The importance of this consideration lies in the
increased number of weapons which must be delivered if the desired level
of damage is raised. The achievement of 50 per cent fatalities among the
inhabitants of large Soviet cities requires about twice as many Polaris—type
weapons as would be required if 25 per cent fatalities would suffice. A

further doubling takes place if the damage criterio:} is raised to 75 per cent
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The above discussion does not consider evacuation, fallout, or Iiré storms,

all of which may be significant.

Possible Effect of a Civil Defense Program on Weapcn Requlrements

But even now, the full measure of the job that Polaris, or scme other
%

SECRET -

‘\Tr A



_RM=2311

_ Yl % {WH 10-28-58
o _ L3

delivery system, may face has not been considered. There have been many
reports of Soviet progress in implementing a civil defense plan. While

those reports are for the most part vague, and while there may be doubt that
the measures being taken are of much consequence, present information is none
the less consistent with the notion that population shelters resistant to
perhaps as much as 50 psi may be generally available in the 1960's. Such

hardening, or urban evacuation, or some combination of the two could vastly

increase the difficulty of achieving a chosen damage objective.
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It is, of course, not obvious that we should be interested in main-

—

taining our ability to damage population at scme preconceived level in the
face of measures such as those mentioned. If Soviet leaders elected to
protect nothing but urban populations, we might properly be content with
the ability to achieve some suitable level of damage to the physical re—
sources represented by thelir large cities. But it is reasonable to expect
that Soviet efforts at civil defense will not neglect non-human resources,
and that the difficulty of destroying them will be comparable to that of
killing people. In fact, our interest in fatalities arises not out of any

conviction that fatalities ocught to be a prime objective, but from other
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sources — among them the belief that a weapon system'!s calculated perform—

ance against population will usually be a fair indicator of its suitability

for the disruption mission however defined.*

The Disruption Force and Other National Purposes

The fundamental concern of this discussion has so far been with the
deterrence of extreme actions, notably with attacks directly against the
United States. However, there is also interest in deterring other undesir-
able actions and in general with influencing the behavior of other nations.
It is particularly in this latter connection that certain asymmetries
between the potential combatants are interesting.

To iliustrate, suppose that a modest force of low—payload vehicles
were procured with the object of achieving a capability to disrupt the
Soviet economy by "dusting off" several-score cities; suppose, too, that
the S.U. simultaneously procured a much larger force of well-protected
high-payload missiles, so that they achieved the capability of obliterating
the American economy. It may be conjectured that in this situation American
bargaining power would be disastrously impaired. Under no provocation would
it be rational to res;ort: to war with the S.U. — the U.S. would be counted
on not to initiate war. But the S.U. would feel less constrained, presum—
ably significantly so, and would therefore enjoy all the better of any
bargaining. Evidently our damage criteria should not be established with—

out regard for how well it matches that of the S.U. The kind of force that

*This is not necessarily so. If, for example, the Soviet Union were
t0 harden the industrial sectors of its cities and evacuate its urban
populations prior to attack, an optimal atiack might be one which aimed at
industrial sectors only. In such a case, damage calculaticns made in terms
of population would be misleading to the point of absurdity.
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is procured should not be chosen without regard for its effect on our bé.r—
gaining position.

Neither should a strategic force be procured without regard for the
possibility that some of its elements will be used ‘otherwise than as origi—
pally intepnded in the event that deterrence fails. A single strategic
vehicle is not customarily relied on to serve us in any time period, and
it is quite possible that by the time the weapons need to be used our
opinions will have changed as to which weapon system ought to be used against
each of the different sets of targets. For this and other reasons, Polaris,
like all comparable weapon systems, should be evaluated not merely with
respect to deterrence targets, but also with respect to its possible alter—
native employments: for counterforce targets, retardation targets, pin-
down, and in conjunction with other kinds of delivery systems.

In sum, Polaris i1s an attractive system because it seems to promise a
& useful dsmage capability sgainst soft known military targets and deter—
rence targets, and combines this capability with a basing principle which
offers unique advantages. Those are the first-order considerations.

Compared with its prospective contemporaries, a Polaris miszsile may
prove somewhat deficient over target. Then the more difficult jobs would
require several times as many Polaris vehicles as Atlases or other rela—
tively high-payload vehicles. But this disadvantage seems to be compensated
for in no small degree by lesser base vulnerability, non—collateral damage,
and a mixed strategic force. The advantages of submarine basing may be
large enough so that too much concern should not be taken with deficiencies
in second-order considerations such as precise target coverages.

Curves for veapon effectiveness are included in Appendix C.
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C. KON-COLLATERAL DAMAGE

Until quite recently strategic forces have been located on bases in
the U.S. without taking into account either how the vulnerability of these
bases to enemy attack might be affected by their ldcation or the extent of
civilien casualties that might result from an attack on these bases. Almost
all SAC bases are at long-existing airfields, which were built up during a
period when they were expected to be used only for training purposes. The
fighting would be done overseas.

Now, however, these bases would be the principal targets of a Soviet
attack. And if the SAC bases were attacked heavily, the damage to our
civilian population, especially from fallout, could be severe. Moreover,
since many of the air defenses protecting ocur cities would have to be
penetrated in order for Soviet bombers to reach our bases, the extra cost
of delivering a bomb on & city near a SAC base or en route would be small.
If it were the case that U.S. cities would in any event be the direct ob—
Ject of attack, then there would be less concern over the collocation of
SAC and cities. However, there are many situations in which the Russians
would very likely avojd attack on U.S. cities. This would be the case if
they desired to destroy U.S. military power but preserve the U.S. economy
for exploitation, or 1f their weapons were limited to what they thought
were necessary to destroy our strategic forces.

The Polaris system offers the possibility of separating by a very
great distance our retaliatory power from our cities. This is a real ad-
vantage of the system. However, separation could be obtained within the
limits of the U.S. if our strategic forces were located in the Great Plains

Tegion; and this central location is, in fact, planned for our ICEM force.
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An attack against these bases would result in very small civilian casualties

in heavily populated areas of the country.

D. COMPARISON OF SEA-BASED ARD LAND-BASED IREM?®S

,

This section considers scme of the relative merits of sea-based as

against land-based misailes of comparable characteristics in overseas
locations. More specifically, it attempts to examine the effects of land—
basing and sea-basing upon the efficlency and reliability of the weapon
system, and some of the possible political consequences of these alterna—
tive basing arrangements.

The United States acquired the majority of its overseas base rights
under some rather specilal circumstances. The Korean War was still in
progress, the manned bomber was ihe weapon of sirategic warfare, and the
Soviet Union had not yet been credited with a significant nuclear capability.
These circumstances resulted in a period of several years during which the
United States could exercise, and plan on the wartime use of, its overseas
base system without significant restrictions by the host countries. Now,
however, conditions have changed. If the Anglo-American and French-American
aegotiations with respect to the IREM mean anything for the future, they
suggest that current and future basing agreements, especially if they per-
tain to missiles, will involve a much greater degree of direct control
exercised by the host country over the weapon system than has been our
experience with the manned bamber. It is true, of course, that the United
States 1z required to consult with and obtain the concurrence of host country
governments prior to the use of overseas bases for a wartime mission. But
this procedure 1s not nearly so exacting for the manned bomber as it is for
& missile which has host country persocnnel actually manning its launch cr;'ontrol
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consoles. In the latter case, political consultation and agreement will
not only bhave to occur prior to missile launching; actual missile launching
without such agreement may prove impossible, except conceivably for the
host country. .

What these possibilities suggest is that overseas land-based missiles
are likely to have bullt into them significant political delay times in
addition to their normal countdown times. Beyond that, it is easy to con-—
ceive of circumstances in which their use might be denied to the United
States, or, less easily, contingencies in vhich the host country might fire
the weapons without American concurrence. In short, overseas land-basing
of missiles might appear to:

a. Lengthen the reaction time of the missile and thereby increase

its vulnerability.

b. Introduce a considerable element of uncertainty as to the

availability of the missile to the United States.

c. Make possible the launching of the missile without the

consent of the United States.

Sea-~based missu?s, by contrast, would not appear to suffer from these
liabilities to the same extent. The system could be kept under full American
control; decision times presumably would be shorter; and the United States
could determine the circumstances of the weapon's use. Even should the
United States desire to have supporting tenders at such places as Scapa
Flow, Rota, or Suda Bay available for these systems, its bargaining posi-
tion with respect to their command and contrel should be better than in the
case of land-based missiles, since the option to move to other locations

wvould always be available in the event of either unacceptable conditions
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or changed attitudes on the part of a host country. Or perhaps of lesser
importance, sea basing of the missile would also provide greater inmunity
from sabotage and perbaps somewhat increased warhead security.

Overseas land-based missiles run the risk of engendering certain ad-—
verse political effects to a greater degree than is likely to be the case
with sea~based systems. lLand-based systems, if widely dispersed, will need
real estate beyond current manned aircraft requirements. If not actually
accident—prone, they may nevertheless create a fear of accidents, especially
if they should be mobile. They will involve the presence of some American
personnel and thus continue the problem of troop-community relations. Because
of their presence, these missiles may well increase the fear of the host
country that it will become the target of a thermonuclear attack. And because
they can be seen, they will serve as constant reminders both of the "balance
of terror"” and of the host country's role in it. Precisely how these imme—
diate effects would manifest themselves in the internal and externsl politi—
cal behavior of the host country is most uncertain. But it is difficult to
believe that they would not result in added hostility to the United States
and its policies, witl"'.t the further effect of increasingly stringent con-—
ditions concerning the use of the weapons.

Sea~based missiles do not raise real estate problems. Accidents that
occur to them are likely to happen at sea, since the submarines will be away
from their tenders 80 per cent of the time. They do not add significantly
to the problem of troop-community relationships. As targets of enemy attack
they do not represent the same hazard to populated areas that land-based
missiles do. And because for the most part, they will be out of sight, so
they may be out of mind. Far less stigma, fear, and political agitation

N
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are likely to be associated with sea~based missiles by friendly or uncom-
mitted nations, as compared with land-based missiles of a similar type.
Although the sea-based missile may seem preferable to the overseas
land-based misgile in terms of the political constraints and sensitivities
that are generally operative abroad, two cautionary points may be worth
making. First, there may be overseas areas outside the European theater
on which missiles may be based in either a hard or mobile configuration
without suffering from the political defects that have been discussed above.
O0ffhand, the prospect does not appear too promising from the stendpoint of
ensuring both American control and political reliability over extended
reriods of time, but investigation of the attitudes and receptivity of
particular countries might indicate otherwise.
Secondly, to suggest, hovever tentatively, that sea-based missiles
may be preferable to overseas land-based missiles according to the political
criteria used here, is definitely not to recommend the surrender by the
United States of its overseas base rights. These bases promise to figure
very importantly in American military and political strategy for a long

time to come.
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Appendix A
GUIDANCE

In the veloclty-to=be-gained guidance scheme for Polaris, an alrborne
digital computer solves a set of guidance equations based on an inertial
coordinate system where X, y are in the vertical thrust plane at LS5 deg to
the local gravity vector, and z is normal to the x-y plane.

The integrals of the thrust and 1ift accelerations are digital inputs
into the digital computer from the integrating accelerometers in the iner--
tial measurement unit. The initial velocity conditions are set in by the
sub-based fire control system. Thrust is cut off when Vgx (vhose direction
is approximately along the thrust vector) attains essentially a zero velue.
For steering, V_ and ng are driven to zero by proper control of the missile's
thrust vector.

There are eight preselected targets for the 16 missiles on board the
sub. For these eight.target points and for launch points in the centers of
20 x 20 n mi grids, precomputed inputs to the guidence equations and the
azimuth direction of the x—y plane are stored on cards. The fire control
computer interpolates these values to obtain the proper settings for the
exact launch point. 1In this calculation the velocity of the sub iz taken
into account in determining the initial velocity inputs. The basic velocity
informetion is obtained from the SINS system. It is presently planned to

launch missiles with essentially nc submarine velocity.

INERTIAL MEASUREMENT URIT

The major elements of the Polaris inertial Beasurement unit are a
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conventional outside—in gimbal system, three single-degree—of—freedom floated
pendulous integrating gyros for integrating accelerometers, resolvers, and
associated electronics. There will be no shockmouqﬁing of the uait. The
order of gimballing from inside out is yaw, roll, and pitch with angular
freedoms of + 360 + 30, and + 30 to — 90 deg, respectively. Resolvers are
required between the inner and middle and between the middle and outer gim-
bals for both platform stabilization and missile control system angular
reference. The input axes of the three accelerometers are oriented along

the x, y, z, coordinate axes. The gyros are oriented so that the input axis
of the pitch gyros is along the z axis. The input axes of the roll and yaw
gyroe are in the x—y plane but not along the x and y axes. Instead, the yaw
axis is along the local gravity vector and the roll axis is normal to it.
This orientation does not minimize the effects of drift due to mess unbalance
in the yaw gyro. However, drift is not a dominating factor in IREM ACCUTACY.
A constant one-degree—per-hour drift rate results in a one-mile miss at

1500 miles.

ERECTION AND ALIGNMENT

The platform is erected to the local gravity by nulling the sum of the
outputs of the x and y accelerometers plus a correction for the veloeity of
the submarine obtained from the fire control computer. TIf the scale factors
of the x and y accelerometers were the same, this would s8implify the cpera—
tion. One of the specifications on the accelercmeters ie that their scale
factor be within 0.0l per cent of standard. Since at present it is not
known how the scale factor of pendulous integrating gyros fluctuates with
time, this specification seems difficult to meet. Furthermore, since the
accelercmeters are being used for erection, theii’scale factor cannot be

st
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easily checked and corrections put into the airborne computer to compensate
for any such shifts.

The azimuth reference for alignment is to be supplied by the SINS eystem
made up of three separate SINS units. It is assumed that there is negligible
flexing of the submarine structure. Since the mirror on the platform is
attached to the outer gimbal and not to the yaw gimbal, back-to-back resclvers
are used to drive the platform to the proper azimuth orientation. The elec-—
trical and mechanical null alignment of these resoclvers must be kept within

20 sec of arc.

PLATFORM STABILIZATION

The stabilization loops have a band pass of approximately 20 cycles per
gsec. The maximum torque output of the torque motors for the pitch, roll,
and yaw gimbals, respectively, are 1.2 ft-lb, 2.4 ft-1b, and 2.4 ft-1b.
These values are quite low and require that the uncertainty torques and the
mass unbalance of the gimbals be kept quite small. Otherwise, a large por-—
tion of the available torque will be used up, and very little torque would
be left to isolate the platform from missile motion. Since no production
platforms have been assembled, no tests have been made to determine the
uncertainty torques and the effects of mess unbalance under high g!s. Centri-
fuge tests of a complete platform must be made in order to determine these

effects.

GYROS AND ACCELEROMETERS

The gyros are single-degree-of-freedom, floated integrating gyros made
of beryllium. They have been designed by MIT and designated by them as the

25 TRIG. The integrating accelerocmeters are floated pendulous integrating
",
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gyros based on the 25 TRIG and designated by MIT as the 25 PIG. They have

a digital output wheel. Both the gyros and accelerometers are being built
by the four previcuely mentioned companies directly from MIT dravings. 3o
far there are no test data available from production units to indicate their
performance. To insure a quick reaction time, it is planned to supply the
proper amplitude of &0-cycle pover to the gyros and accelerometers, so that
the spin motors will operate at a lowv speed and yet produce the same tempera-—
ture distribution as when the rotors are operating at airborne speed. This
concept has not been fully tested to indicate that there will not be a

temperature transient when the spin motors are switched to airborne frequency.

THRUST VECTOR CORTROL

The thrust vector is to be comtrolled by positioning Jetevators in the
rocket exhaust. The successful development of these jetevators is & me jor
provlem area, primarily because of high stiction levels encountered due to
the elevated temperature condition. Jetevators have been used in the past,
but not for the relatively long burning times of the Polaris motors, which
are of the order of 60 sec per stage.

The angular information for the control system is obtained from the
resolved gimbal angles of the inertial measurement unit. fThe angular rate

information is obtained from body-mounted rate gyros.

PITCH CHANKEL

Instead of using a pitch angle program to attempt to obtain a zero 1lift
trajectory during the first stage, the appropriate trajectory is programmed
by the use of an equation employing velocity information during the first

stage for a pitch rate command signal. The values of the constants in the
%,

-
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equation determine the shape of this part of the trajectory, which is the
same for all ranges. The pitch rate command is an output of the digital
computer. This method of producing the approximate zero-lift trajectory is
superior on two accounts to programming the pitch rate directly. It reduces
the angle attack of the missile in the presence of wind shears and non-
standard thrust conditions, and it materially reduces the velocity error

at staging due to non-—standard thrust conditions and wind.

After staging, the pitch steering is changed to the cross product steer-
ing using the velocity—to—be—gained information. This method of steering is
excellent, since time variable gains are obtained automatically which properly
tighten up the velocity control loop as cutoff is approached. This method

of control is similar to the one used on the Thor.

YAW CHANREL
Since there is no programming to be done in the yaw channel, gross pro-

duct steering 1s used in both the first and second stages.

ROLL CHANNEL

Roll control is Jbtained by merely nulling the appropriate resolved

gimbal angle.

STAGING

It appears that stability at staging may be a serious problem. At
staging, the second stage ie aerodynamically unstable; until thrust comes
up there is no way of controlling the second stage. TFins or a skirt could
increase the stability, but this would add extra weight and drag. Another
problem is the possible colliscor of the first stage with the second stage

during the time the first stage thrust is decayigg and the second-stage
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thrust is coming up.

POSSIBLE FROBLEM AREAS

1. Relisbility and maintainability of the veI:y complex fire control
system.

2. Ability to get information for correcting the SINS system sc that
correct azimuth and position information is available for inputs to airborne
guidance system.

3. Jetevator develomment.

k., Solution to the second-stage stability problem and to the problem
of possible collison of the first and second stages at staging, without the
addition of too much weight and drag to the missile.

5. Possibly too low maximum torque aveilable for torguing the gimbals.
This is dependent upon the uncertainty torque levels and msss unbalance of
the gimbals in the production platforms.

6. Difficulty of launching in rough seas.

7. Scale factor shifts in the accelerometers.

8. Problems in production of the guidance system.
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Appendix B
COSTS

COST ARALYSIS®

Instellations

Base Facilities: One Missile Assembly Facility (MAF) for the inditial

force of nine submarines and one tender is contemplated. This MAF is planned
to be built at the Navy Ammunition Depot at Charleston, South Carolina, by
October 1960 and is to have the following capability:

Assembly rate . . . 8 missiles per week

Qutloading rate . . 16 missiles per week

Storage capacity. . 90 missiles

Construction costs are estimated at $10 million with an additional

$7 million for equipment.

Training Facilities: A crew team trasining facility will be erescted at

New London, Connecticut, to provide crew team training for the double crew
per submarine program.' The breakdown costs are as follows:
Buildmg-....-..-$200,000

Equipment and Air
conditioning L] L] * L] - - 153’000

FBM Team Trainer . . . . .1,600,000

$1,953,000

*See Table 1, page 23.
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These are shown in Table 1 as $0.4 million for training facilities and $1.6
million under training equipment.

There is a possibility that another, similar crew team training facili-
ty might be constructed at Charleston, depending uéon the availebility of
funds and the megnitude of the program. However, the training capacity at
New London represented by these costs and those under training equipment are
sufficient to train two crews through the first eleven submarines, or a total
of twenty-two crewvs.

Base Maintenance: The $3.4 million is a Nawf'figure, and it is not

known precisely what is included. Using Cost Anelysis Department methods,
the maintenance of the incremental facilities should be around helf e million

dollars per year.

Equipment

Submarines: The Navy gives the cost of nine submarines as $900 million.
This corresponds with 2 previous estimate of $109 million for the first sub-
merine and $100 million for each subsequent submarine. It is felt that, over
time, these costs per submarine might be significantly decreased.

The funding sumggry as presented in FBM Program-Polaris lists expenses
by categories for the thirteen submarines which they consider. The average

estimated cost for one submarine, obtained by adding together each fiscal

year's funds allotted for each category and dividing by thirteen, is:

Item Millions of Dollars

Ship Construetion . . . . . $ 78.72
Launch and Handling . . . . 6.36
Fire Control. . . . . . . . 7.46
Nevigation. « « « « o o « 8.46
Missile Checkout. . . . . . 2.49
Test Instrumentation. i % .31
Weapon System Trailer . . . Ak

Total . . 10839
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Under the category of ship construction are included the following:
nuclear powerplant, Bureau of Ships Equipment procurement, basic construc-

tion, equipment installation, conventionsl submarine ordnance and electronics

equipment " w‘! i\‘i\t‘g
F“l N o . . L‘ v@b@

Estimates of expected meaintenance and replacement of launch and hand-
ling, fire control, navigation, missile checkout, test instrumentation, and
weapon system trainer components aboard the submarine were not available.
Assuming a complexity of equipment comparable to that of equipment used in
the missile subsystems, for which replacement at the rate of 20 per cent per
year is current Navy thinking, an annual cherge of $4.8 million per submarine
or $43.2 million for the system was msde.

Tender: The tender cost of $26 million applies to the modification of
an existing ship. Construction of a new tender &t a cost of $61 million is
planned if the system grows and if funds are available.

The tender is a floating meintenance and repair facility for both the
submarines and missiles, and is equipped with varying classes of machinery
and electronic gear. The dollar cost of these items is hidden in the initial
investment expenditures for the tender. To be reelistic this equipment should
be charged ordinary depreciation maintenence and replacement costs. Since
the tender does service missiles, it is reasonable to expect that the equip-
ment on board will contain missile checkout and test instrumentation gear.
The cost of these items on board the submarine averages out to $2.8 million,
and it is assumed that the tender will be similarly equipped. If this is
considered to be equivalent to base equipment, annusl charges of 18 per cent

are usually applied. However, to be consistent ,t‘the 20 per cent factor used

Rt anbir - |
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for submarine equipment was used. It is believed that the tender will also
house refresher treining equipment, but these costs have been included under
the training equipment category.

The Navy source used to obtain annual operating charges lists about
$200,000 per year for supplies and equipage. In Navy terminology supplies
are consumable items and include electronic and machinery repair parts, soap,
swabs, etc. Equipage includes more durable items such as special clothing,
life Jjackets, typewriters, etc. It also includes sheet metel and repair
items used by tenders to repair other vessels. This cost hes been included
under Services and Miscellaneous in order to avoid double counting.

Missiles: The cost obtained for the missiles was $l,339,750 each, in-
cluding spares. The spares philosophy used was sufficient to replace the
complete missile every five years, or 20 per cent. Deducting this smount
the price of the missile alone becomes $1.07 million. It is believed that
the cost of the missile represents production missiles and excludes those
produced for development and testing, the warhead is alsoc excluded.

A breakdown of missile component costs cbtained from the Special Pro-
Jects Office at a later date gives s maximum and minimum for the various com-
ponents. The maximum represents current experience; the minimum represents
what they think they can do with direct contracting and a better learning
curve. None of these costs includes any allowance for spares, for checking
equipment, or for containers.

The same cost was used for both limites of "Guidance," which is en un-

certain item.
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Cost (thousands of dollars)
Subsystem Maximum Minimum

Propulsion (60 per cent of cost
in first stage, 40 per cent in

second)..ene... R o wswonnig & o 5 g wwee D $200
Re-Entry Body (less warhead)......... 32 20.5
Flight COntrole.sscvosnsanccraaaenns 43 16
Interstages (i.e. power supplies, wiring,
separation devices, etc.) e erviarann sm AT 80
Guidance..cesesnonsa SaraTEATIY 8 R & § B E 8§ S5 30 o0
$552 $366.5

Since the mis;ile cost could not be resolved in the time available, the
highest cost of $1.07 million was used in the interests of conservatism.

The number of missiles for the system for which costa were given was 1k,
including spares. However, this does not include &n amount sufficient for
the tender load. Consequently, costs of an additional 16 missiles plus
spares have been included in the estimate.

No additional information on the training firings of missile above that
of one firing per year has been learned. Official Nevy policy appears to be
very conservative concerning the use of expensive ordnance for training. In
viev of this exlsting policy, three firings per submerine per year were as-
sumed, in expectation that the policy will change as the system matures and
is made comparable to other systems. However, this cost category could read
$1.07 million per year if the existing training philosophy was rigidly ad-
hered to.

Migsile Containers: In order to keep the missile under sufficient

environmental control to prevent any demage to the propellant grain during

wransport, contalners are provided. Environmentﬁl temperature has been

133

JRBERET



RM—2311
102858
62

{-"Z'T-
;‘-'E‘:E-t .:mif
?:mr
¥ .
m
&9
X3
s
&

specified at BOCF ¥ 3°F. These conteiners are listed at $8,110,000. This
amount is held sufficient to purchase enough containers for 144 missiles.
Unfortunately, the specific number of containers represented by this figure
was not available. A one-to-one ratio of missiles to containers is dis-
counted, as the use of these entails recycling. Applying the spares figure
of 20 per cent %o the containers as annual replacement, we obtain $1.6
million, which was used to represent annual operating costs.

Base Equipment: The seven million dollars represented here is for the

equipment in the Missile Assembly Facility building. Annual operating charges
of 18 per cent have been applied against this figure, following CAD procedure
in lieu of any figure furnished by the Navy.

Training Equipment: This category includes the following items accord-

ing to data obtained:

Item Cost (thousands of Dollars)

Attack Teacher, . . . . « « ¢« ¢« « « & $2000
Diving Trainer. . « ¢ « ¢ « o ¢ o o & T00
Refresher Training Equipment. . . . . 500
Maintenance Trgining Adds « ¢ o & w 575
Operational Tr;ining Equipment. . . . 550
FBM Team Trainer. ¢ « o =« « o s o s 1600

Total $5925

The FEM Team Trainer will be installed in the crew teem training facili-
ty. There is some speculation as to whether three Attack Teachers will be
bought. At this time the purchase of one is certain. It is not known whether
the other two are held in abeymance due to lack of funds or due to uncertain-

ty as to how many are needed to. Dulfill its miss&fn. The Special Projects
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0ffice claims that the training facilities and equipment delineated above
are adequate to train two crews per submarine through the first eleven boats.

Annusl operating costs were obtained by applying the 18 per cent factor
as in the case of base equipment.

Training equipment for the Polaris system of 14k missiles from the
costs available is about $6 million, which is considerably less than the
costs under training for Air Force ballistic missile systems such as Atlas
or Thor. Considering the factor-of-five difference in personnel and assum—
ing a factor-of-two for complexity, these costs are partially resolved.

However, caution is warranted for this category pending further informetion.

Stocks

Initial Spares and Readiness Reserve: Using a 90-=day stock level,

following factors used by the Ravy for logistic support of Naval vessels
and cost figures for nuclear subtmarines, $9.4 million was the initial
investment estimate.

Initial Spares—Missiles: The figure of $43.2 million was obtained as

described under Missile Equipment.

Initial Spares-—éhipboa.rd FBM System: Nine million dollars is the

amount obtained for this item. No further information regarding the spares
policy for this category was obtainable. However, this seems low consider-
ing the average cost of shipboard components computed above. If we include
launch and handling, fire control, navigation, missile checkout, test instru-
mentation, and the weapon system trainer, the total average cost is $25.7
million per submarine. Nine million dollars is 5.9 per cent of the total

cost of $231.3 million for the nine boats, which is a low spares factor.

L
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Hence this figure is conjectural as it is not known exactly what is in-
cluded.

Spares cost for the naval vessels sre usually ;ncluded in the vessel
procurement ccsts. Hence, it is assumed that the initial spares for sub-

marines and the tender, but not for the missile subsystem, are accounted

for in the purchase price.

Transgprtation

The mejor item here is the cost of shipping Polaris missiles. Because
of dangers involved due to cracking of the solid propellant grain and its
requirement for environmental control, it is assumed that the missiles will
be flown from the manufacturing facility in California to the Naval stations
in the East.

A Lockheed report gives the weight breakdown and estimated costs of
flying these missiles using C-133 aircraft. The costs for transporting 160
missiles comes to about $2.6 million. To this is added the costs of trans-
Pporting ammunition and other supplies.

Annual operating;expenses represent costs of flying 20 per cent spares

as well as smmual supplies replacement.

Personnel.

Nuclear training will be taken by 40 enlisted men and three officers

per crew or a total of TT4 men for the nine-crew complement. Formal nuclear
training takes six months plus six months training at the prototype. One-
haelf of each crew goes to the shipyard at vhich their submarine is being

constructed twelve months prior to commissioning. The other half of the .

.g_
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crew reports to the shipyard nine months prior to commissioning.

The Navy costs figures for this training is $200 per man per week for
2236 man-weeks, or $8,049,600 for the 774 men. This is equivalent to & total
of $10,400 per man. This figure includes all overﬁéad associated with the
course. It is notable that the cost of nuclear training for the FBM system
is the same as the nuclear training for any other nuclear-powered ship.

FBM Technical Training for the initial system is given as $2,088,000.

The breakdown shows 372 man-weeks for formal training plus 150 man-weeks for
special weapons training.

The costs as given indicate that 522 men from the eighteen crews will
take the course. This implies that of each crew 43 per cent take nuclear
training and one half of the remainder (28.5 per cent) take this technical
training. Thus it appears that 28.5 per cent of the crews do not take any
special training at all.

It is important to realize that costs of submarine school training and
specialist training are not ineluded in this estimate, and therefore the
amount shown understates total training cosis.

Replacement Training: Using personnel numbers obtained previously and

arbitrarily augmenting the crew proportionately to account for an additional
workloed imposed by three more submsrines, now nine instead of six, the
following estimate was arrived at:

Personnel for nine submarines and cone tender

Officers Fnlisted Men Total

Squadron . . . . . 6 6 12
Division . « « + . 9 6 15
Support. « . . . . 30 300 330
Subparines . . . . 180 1620 1.800
Tender . . « « « 30 852 882
Total 255 2’@_ 3039
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The *turnover rate received from the Special Projects 0ffice was 20 per
cent per year. Cherges were mzde for basic training at $3200 per man. Costs
for nuclear and technical training were added under the assumption that the
same percentage of the replacements would take thes; courses as in the regu-
lar force. Again, these costs are underestimated by costs of submarine train-

ing and other specialist courses.

Pay and Allowances: For submarine personnel, pay and allowances of

$10,000 per officer and $5000 per enlisted men were used; for other person-

nel, $8000 per officer and $3400 per enlisted man were used.

Trevel

The estimated obligations for FY 1958 under the account "movements-
permanent change of station" as listed in Congressional Hearings for 1958
were used, excluding the travel of midshipmen, aviation cadets, and officer

candidates.

Maintenance and Fuel

Submarines: Annual overhaul, restricted availability charges, and the
cost of replacing the nuclear core are lncluded in maintenance.® The cost
for recoring is from $3 to $3.5 miliion every 30 months. Agein the higher
figure was used and prorated on an annual basis. Costs for maintenance and
replacement of equipment pertinent to the Polaris are accounted for under

the equipment category above.

*The Navy defines restricted avallability as including costs of labor
and meterials for nonscheduled repairs. Nonscheduled repairs are defined
as repairs occurring between regularly scheduled overhauls to accomplish
specific items of work such as routine minor repairs, repairs occasioned
by collision, grounding, fire damsge, etc.

T Rl O
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Tender: This cherge of $300,000 includes charges for overhaul, fuel,
and resiricted availability. Supplies and equipage, training emmunition,
and medical costs have been included under "Services and Miscellaneous" to
avoid double counting. If the items attributable to the tender as annual
costs are accumulated under one heading, the total amounts to $1.2 million

yearly.*

Services and Miscellaneous

Materials, supplies, and contractual services for administrative work,
medical and food services, training ammunition, and miscellaneous PQL fall
in this group. Miscellaneous POL was computed at $;OO per man per year,

since it was not possible to distinguish utility services and fuel costs.

Command, Administration

In estimating wespon systems costs it is desirable to include the pro-
rata share of the intermediate and major commands which support the opera-
tional units. Iack of information prevented use of & similar method. In-
stead, Navy Appropriation Account titles were examined to determine those
most applicable to thg Polaris system. Items in these accounts relating to
major equipment expenditure were excluded in an effort to isolate annual

expenses and to prevent inclusion of inapplicable items. The Polaris system's

proportional share of these expenditures was then estimated.

Interim Communications

In the Navy document Fleet Ballistic Missile Program Polaris, FY '59-60,

estimated funding requirements are given for the program through FY 196G.

*mMis was not done in this report, in order to make the various cate-
gories as comparable as possible to the usual RARD format.
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Admittedly this program is for 13 submerines with growth potential through
a total of 25.

Command Communications: Under the broad heading of Logistics and Oper=-

ational Support, command communications in the amount of $92,414,000 are
listed. Thls is, of course, an optimistic program, but some parts of this
amount are necesssry for the mature Polaris system even if only bare essen-
tials are provided. Listed under Communications and Facilities Equipment
are:

a. Augmentation of VLF Maine Equipment and Facilities

b. Overseas Radio Receiving Equipment and Facilities

¢c. Coammunications Fleld Test

d. HP/HF Redio Station

Funds requested for the above are $46,176,000 for facilities and
$6,450,000 for equipment through FY 1960. These items Provide, in the Navy's
own language, only &n interim communications capability. Hence it appears
reasongble to include this amount in the initial investment for the system.
The sum of $39,074,000 for the development of new and existing VLF equipment,
development of HARE tfansmitters and receivers, SESCO, Whisper programs, etc.,
mey be included under Research and Development.

The implications are, however, that since the $52.6 million for com-
munications provides only interim capability, expenditures for facilities
and equipment will probably be required. Annual charges using factors of
5 per cent of facilities costs and 11 per cent of equipment costs have been
made. This cost appears as an addition to the Table 1l rather than as part
of the body of the table, because funds for this portion are not yet authorized,

and concelvebly may never see the light of day. The main parts of the table
L
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express the costs of the items which are most certain of expectation and,

hopefully, the implications of costs on annual operations.

Research and Development g

Available references list R and D expenses for the system as & wvhole as
between one billion and 1.040 billion dollars. The precise content of this
category is obscure; however, ideally it should include the various research
and development programs pertaining to submarines, communications, naviga-
tion and guidance which are directly applicable to the Polaris program. This
obviously would include expenditures for the QOcean Survey program, for the
Compass Island and Observation Island experimental test ships, etec. Thus,
in order to include costs incurred by the system, this cetegory is also

shown separately. As elsevwhere, the highest estimate has been used in the

interests of conservatism.
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Appendix C

UNDERSEA DETECTION AND ASW

This section considers the undersea warfare methods which the Soviet
Union might employ in defense against the Polaris system. Throughout the
field of undersee warfare, vwhich is as broad and complex as the field of
alr warfare, underwater sound devices are the counterparts of radars in air
warfare. However, underwater sound devices generally work very poorly &as
compared with thelr radar counterparts. This fact tends to give an intrud-
ing submarine a relatively grester adventage than, say, an intruding ajr-
craft. Hence, the Soviet Union might use other undersea warfare devices

such as mines or underwater swimmers to supplement the more conventional ASW

forces.

GENERAL STATE OF THE SCNAR ART

There is a widespread impression that the field of sonar is not really
well developed; thet with a "big push" real breakthroughs could be obtained;
that heretofore the field has perhaps languished for want of real talent and
real money. Certainly more money and more talent would be welcomed and would
be useful, but the basic impression is entirely erroneous.

Sonar is at least as highly developed a field as radar. There are few
techniques in the radar bag of tricks which have not been ai least examined
(usually tried out at sea) in sonar. Indeed, just because the sonar problems
have been harder than the rader problems at any particular fime in history,
the sonar sclentist has often been driven to try herder and 4o %try fancier

tricks. Hence, many of the newer techniques in radar are fairly old in sonar.

On the whole the two fields are about even as far as technical develop-

ment and basic understanding of the physical prdeesses are concerned. Radars
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are far more numerous, more varied, and more commonplace, but these differ-
ences 4o not indicate & corresponding difference in understanding. On the
vhole, pretty feir guesses can be made as to the evolutionary course which
radar will take; at least plans for the future are‘ﬁade cn this basis, and
that is really the important point for this discussion. In sonar, at least
among those who are not familiar with the subject, there is sometimes an in-
clination to think that matters are different. This view amounts to a denial
of the present understanding of the field; it is an unwillingness to plan for
the future on the basis of what is actually known; it is nearly & hope that

& miraculous cure wilill dispel unpleasant reality. It is wunwarranied.

Much is already known sbout sound in water, and there is no more basis
to anticipate a big breakthrough in sonar than in radar. The main avenues
elong which sonar improvement can be expected have been clear for years and
development is proceeding down them: higher radiated power, better radi-
ation patterns, lower frequencies, bigger arrays, and improved signal pro-
cessing. As with radar, more data are needed on long-range propagation,
especially over-the-horizon effects and long-range clutter. However, one
can make fair estimat;s of the improvements to be expected from a given
effort. It is the ocean, not just the engineering skill, which sets the
limits and the costs on performance.

In both radar and sonar the question is not really whether & major
netion has the technical know-how to obtain a certain cepability. It is
insiead whether the nation chooses to pay the price. Just as a sufficiently
numerous assortment of radars could be used to track small low-flying air-
craft anyvwhere in the U,S5,, so too a sufficiently numerous assortment of
sonars could track a submarine anywhere in the ocean. The cost of such

redar coverage is astrenomical; so is the cost of: such sonar coverage.
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SONAR PROPERTIES OF THE OCEAN

Before considering the performence of specific sopar systeme it is use-
ful to outline some of the relevent characteristics of the ocean. In & general
way these establish the "ground rules” with which the sonar designer is faced.
Inasmuch as sonar eslmost never works as well as 1ts radar counterpart, it is
helpful to note some of the differences which lead to the disparity.

The velocity of sound in sea water is approximately 4800 ft/sec. The
veloecity is dependent upon both temperature and pressure, so this is only a
rule of thumb. Sonar is at a disadvantage with respect to radar because of
this slow informetion rate. The ratio of propagation velocities is about
200,000 wherees the retioc of typicel vehicle speeds is generslly about 100,
so the disadvantage is real and is not compensated by slowing down the clock.

The attenuation of sound in sea water is quite severe except at very low
frequencles. At 24 ke, which is & convenient frequency from the stendpoint
of wavelength (2.4 in.), the attenuation is about 5 db per kiloyard (one way).
In rader, the attenuation in the medium is generally trivial even at long
renges, except for the water and oxygen absorption bamds. To achieve an
echoing range of ho,oqo yd, vhich is modest for radar, a 2l-kc sonar would
have to overcome 40O-db attenuation, which is fantastic. Fortunately for the
sonar designer, this attenuation is quite frequency-dependent and is much more
moderate at low frequencies; at 10 kc it is asbout 1 db/kiloyard, and at & few
hundred cycles it is of the order of 0.05 db/kiloyard. These lower frequencies
involve longer wavelengths and consequently large arrays, and not much work
was done in low frequencies until after World War II.

At 24 k¢, the "standard” U.S. frequency during World War II, the wave-

length of sound in sea water is, as we have seen, about 2.4 in. Hence, such

sonar is in many respects comparable to L900-mc ™dar. One mey compare the
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dimensions of the rader antenns with those of the sonar transducer directly;
even beamwidths of only & few degrees require radiators less than 6 £t in
diemeter. However, attenuation precludes use of such sonar frequencies at
ranges in excess of a very few thousand yards. ’

To avoid attenuation the designer mey go dowmn to, say, 10 kc. Here the
attenuation does not make echo-ranging impossible out to ranges of perhaps
20,000 yd, but the wavelength is 5-3/4 in. This is comparable to 2000-mc
redar as far as antenna size goes. Sonar radistors 10 or 20 ft across are
quite practical, but it is rather difficult to drag a 20-ft diameter objezct
through the water beneath a ship. To get really low attenuation, and hence
to make possible ranges of, say, 100 miles, the sonar designer is driven down
to frequencies of the order of 1 kec. Here the wavelength is 4.8 ft--comparable
to 200-me radar. Arrays of the order of 100-ft long are needed to achieve
beamwidths of & couple of degrees, and such arrays begin to approach the
dimensions of ships themselves.

If attenuation alone limited sonar, hugh low-frequency sets would long
ago have been built. However, sonar is plagued by clutter--or reverberation,
to the sonar man. Only the most sophisticated modern radars are significantly
aware of clutter arising from any scatterers except the earth's surface, but
sonar 1s relatively much more limited by reverberation than is radsr. Part-
ly this ic because =2ven the deep oceen is a rather thin layer of water. It
is as if the atmosphere were only about 12,000 £t thick with another solid
earth (and trees) up above. Under such conditions one would see radar tar-
gets free of clutter only at very short ranges, and that is exactly what
happens to sonar. For long-range sonar all targets are "low altitude" tar-

gets. Furthermore the ocean is surprisingly inhomogeneous, not only because

of marine organisms, but also because of temperatg;e and salinity gredients.

g
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All these lead to reverberation from the body of the water itself, and this
tends vo become very important in long-range systems., It is as if our 12,000=-
ft radar atmosphere were thoroughly cluttered with birds of assorted sizes
and shapes, '

Also the ocean exhibits marked refraction effects which sometimes help
and sometimes hinder each party in the ASW problem. On the one hand, down-
ward refraction tends to limit the range at which a sonar near the surface
can detect a target (beyond this renge the submarine is "below the horizon").
On the other hand, surface ducting can lead to greater than average range.
Dovmbending is connected with reconvergence effects, and it is presently
hoped to extend sonar ranges significantly (e.g., to 30 and perhaps 60 or
more miles) by echo ranging in reconvergence zones. Refraction condi<ions
also underlie the existence of the deep sound channel whereby SQFAR end LOFAR
achieve very long detection ranges in deep water. Variations in refractive
paths contribute to rapid fluctuations in the phase and amplitude of signals
Dropegated over appreciable distances. These modulations "smear" the signal
specirum in much the same manner that radar ground clutter is smeared, and
this hampers sophisticated signal-processing schemes which rely upon signal
integration.

Other sonar characteristics of the ocean of less importance deserve
mention. One of these is naturally occurring noise. Whereas the deep ocesn
basins are fairly quiet except for sound which "l=aks" down from the top, this
is not at all true of shallower waters such as surround all the continents.

In virtually all shallow tropicel end temperate waters noise produced by
merine life (e.g., cracking shrimp, croekers, groaners, etc.,) is a definite
impediment to passive sonar which seeks to detec: quiet targets. In addition,
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the noise of surf breeking on a coast or in whitecaps at sea hempers listen-
ing. The noise of the wind itself is not negligible. hboard surface cref+
the noise of the waves washing ageinst its own hull puts & lower limit on
the background self-noise level that such a ship cah achieve. In arctic
regions where ice occurs, the noise level of the ice moving around against
itself or ageinst a shore can be high.

Bottom conditions affect sonar performance, especielly on continental
shelves. These vary Irom exposed bere rock %o deep soft mud. In the former
bottom reverberation is severe, in the latier bottom absorption is severe;
there is scme kind of sonar operstion which will be affected adversely for
whichever extreme occurs. This tends to force the sonar designer to design
his system (i.e., frequency, pulse length, radiation pattern, etec.) to fit
the particular area in which it will be used. However, these bottom con-
ditions very rather quickly from place to place; and the "optimum" sopar may
be one which does not work very well in any one place, in order to comprise
among the highly diverse conditions it must meet.

The ettenuation of sound in sea water is so great and so fresquency-
dependent that for prqctical purposes one can be confident that any sonar
system which operates over acoustic path lengths of only & couple of dozen
miles must use audible frequencies. Hence, for such systems, the entire
opereble frequency range above about S0 cps can be monitored by one pair
of human ears. This situation is in drastic contrast to the radioc and
radar frequency ranges, vwhich are so wide that elsborate search receivers
are needed. In the microwave region especially, quite secure communication
could be achieved by hiding a narrow band signal some place in the many
aveilable kilomegacycles, This is virtuelly impossible in sonar; with a .

gimple hydrophone and amplifier one man can covex, the whole band
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simultanecusly and continuously. Furthermore, the human ear is a fairly
sophisticated signel processor. When & man turns his attention on & particu-
lar signal in a background of interfering signals he 1is using & tunable filter
of adjustable bandwidth which he can narrow down (sLbconsciously) t0 less
than 50 cps. Consequently "secure" sonar communication systems are to be
taken with a grain of salt; the operator might not recognize the signal but
he would probably detect it. For the same reason it iz a simple matter for

& submarine to monitor for hostile sonsr; except at short ranges he cannot

be significantly threatened by & signal he cannot hear. To cover even the
frequencies which could be used ageinst him at very short ranges the sub-
mariner need use only a few more ears with fixed-tuned superhet receivers.

Just as radar sulfers a peak power limitation because of dielectric
breakdown, so sonar is peak-power-limited by cavitation of the ocean. For
typical shipboard active systems, cavitation sets an upper limit on the pulse
Power which can be radlated. This precludes the possibility of raising the
power sufficiently to overcome own-ship noise at high speed, and so ship-
board sonar is speed-limited. Cavitation also precludes raising the output
power by dozens of db in order to work into the refractive shadow zone by
scattering,

The very large, high-power systems vhich are now under development or
presently proposed are all quite low-frequency systems. To get useful
directivity patterns they require resdiators so large that even at a mega-
watt power level the intensity at the radiating surface would be comparable
to existing sonars. At megawatt levels the prime sources of powver pose

greater problems than does cavitation.

“#'
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Because of the requirement to use low frequencies in order to achieve
long ranges, soner pulses must be very long in comperison with rader pulses.
At the very low frequencies sonar designers are finging it desirable to use
pulses of the order of 1 second long and even longer. Consequently l-megawatt
pulse power in sonar is much more of an engineering problem than is 1 megawatt
in a radar whose pulses are a microsecond or so long. Such sonar pulses are
50 long that the pulse length compares to the thermal time constants of the
system, and the engineering problems begin to take on same of the aspects of
1l megawatt CW. People are thinking in terms of self-contained nuclear reactor

supplies to provide the radiated power in some contemplated systems.

SONAR FROPAGATICN PATHS

Until very recently radars operated over a simple rédar-line-of-sight
transmission path; refraction conditions occasionally produce ducts and
holidays, but these are generally looked upon as exceptions to the normal
situation. It is only the recent work on over-the-horizon radar that in-
troduces radar transmission paths which are normally other than straight-
forwvard. Hence persons familiar with radar are usuvally not accustomed to
the variety of transmission modes which are used in sonar.

In most areas the ocean can be divided vertically into two mein regions
on the basis of water temperature. Starfing at the surface and moving down-
ward one usually encounters first a layer of water whose depth extends,
typically to one or two hundred feet (rarely less than 10 or greater than
Loo), in which the temperature is not particularly predictable and may vary
rather erratically. If strong winds have been blowing, this upper layer may

be well mixed, with the result that temperature does not vary with depth.
%
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On the other hand if mixing has not been strong, then a fairly steep drop
of temperature with depth may occur. Less common, but not rare, are cases
of increasing temperature with depth and of inversion layers.

Beneath this surface layer one passes into thé.deep-water regime. Here
the ocean is quite stable, and the pattern of dependence of temperature upon
depth is quite uniform from time to time and from place to place. The tem-
perature falls with depth, at first rapldly and then slowly, approaching
constant temperature at great depth. The boundary between the two regione is
often rather sharp and is called the thermocline.

These patterns of temperature versus depth are of paramount importance
in any understanding of sonar performance. The velocity of sound varies with
temperature and with pressure, and these (with salinity which is usually less
important) determine the refraction conditions in which sonar propegetion
occurs.

Increasing pressure (depth) causes an increase in the velocity of sound
of sbout 1.8 ft/sec per 100 ft. Decreasing temperature causes a decrease in
the velocity of sound in the order of 8 ft/sec per degree F. Consequently,
near the surface in thg upper layer the velocity of sound can incresse with
depth, remain constant, decrease with depth, or vary in a more complicated
pettern depending upon the interplay of these two effects. Below the thermo-
cline the velocity always fall with depth initially because the temperature
term dominates the pressure term. At a greater depth (a few thousand feet)
the temperature gradient become: small and the pressure term begins to con-
trol, and below this depth the velocity increases with depth. Hence there
is a depth at which the velocity is a minimum. This 1s the axis of the deep

sound channel, which is a fairly permanent duct in the deep ocean.

%,
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In the neighborhoed of the surface these characteristics usually cause
the sound propagation paths to be quite complex. Negative temperature gradi-
ents above the thermocline cause downbending and tend to produce a surface
"shadow zone." This is the counterpart of the horiﬁon shadow in radar, but
the sonar horizon may occur only a couple of kiloyards from the source.
Positive temperature gradients or isothermal water above the thermocline
lead to upbending and the consequent formation of =& surfacé duct in which
shallow targets may be detected at greater-than-average ranges. However,
these same conditions tend to produce & shadow zone at the depth of the
thermocline, with the result that a target below the thermocline may be
poorly detectable,

Generally spesking, sound which passes down through the thermocline
enters the upper region of the deep sound channel. Sound waves moving above
the axis of the channel are bent downwerd; those below are bent upward. This
duct traps the sounds and their intensity falls off slower than the inverse
square law. If the sound waves avoid surface and bottom reflections, which
tend to scatter and absorb sound, and if the freguency is low enocugh to
avold excessive attenuation, then sounds can propagate in the duct for
hundreds of miles with modes loss of intensity. This is the basis of SOFAR
and LOFAR.

These effects serve to illustrate why 1t is really not possible to
give & conclse answer to the question of what range sonars can achieve.

It is necessary to breek the answer down into at least a few different

cases. Besides the nature of the sonar itself, the following wvariebles

influence the answer strongly:
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¢ Kind of sonar platform

0 Speed of sonar platiorm

0 Depth at which radiastor is placed
0 Water depth to bottom

¢ Character of the bottom

0  Temperature structure

o Depth of target

There are combinations of these variables for which the sonar range is as

little as 100 yd, and there are others for which it is hoped to achieve

100 miles with future equipment. An "average" is essentially meaningless.
The ray paths also help to illustrate the importance of tilting sonar.
By tilting the radiator up or down the sonar operator can change greatly
the Intensity of sound which arrives at different regions. This introduces
another factor into detection range calculations which should not be ignored.
When one attempts to estimate the range at which the probablility of detection
is 50 per cent, the answer is dependent upon what the operator is Irying to
do. In a2 tilting system, for example, what tilt is he using to search with?
Tilt 1s only one of a group of variasbles which enter into this question.
Others include the azimuth sector width over which search is conducted, the
speed of the search platform, and the range scale (prf) which is chosen. An
estimate of search rate capability which includes these factors is quite
involved, and & broad general treatment of the subject is neerly useless.
However, it should be noted that statements of detection range frequently
pertain to the characteristlics of the sonar set when zimed optimelly at the

target, and they then do not include the other factors which influence search

rate, It should not be assumed too hastily, fo;gexample, that a2 shlp advancing
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across the ocean can search uniformly a circle whose radius is equal to
quoted values of sonar deveciion range.

It is relevent to thes Polaris problem to notq vhet relractlon conditions
are 2 minor consideration wh=n the sonar angle of til: is steep. The sound
rays are then no longer grazing the temperature layers, and the bending of
the reys is trivial (excepi for precise fire control). Hence upward-looking
and downward-looking soners and fathometers work much more predictably than
do search sonars. If a surface ship can get into position more or less
directly above a submarine, and if the sonar is free to tilt so as to cover
most of the hemisphere below, then the submarine finds it more dilficult to
escape. However the surface ship is, under these conditions, hard put to
keep up with the submarine as it twists, dives, and speeds up; then it is
maneuverability and speed which enable the submarine to escape rather than
intrinsically poor sonar performance.

A submarine chasing another submarine has the adventage over a surfeace
vessel that it can go up and down through the temperature layers as its
target does. Furthermore, the chasing submerine can enjoy the same speed
and meneuverability és its target. Hence a nuclear submerine equipped wiih
modern active and passive sonar has & good chance of remaining on the trail

of a terget indefinitely once he has been vectored in and contact has been

established.

Finelly, it should be noted that the importance of the temperature
structure is appreciated by both submariners and ASW forces and as much
by the S.U., as by us. It is standard practice in our Navy, and presumsbly
in the Soviet Navy, for submarines and surface ASW forces to make fairly
‘requent measurements of the temperature structure of the water (the in-

strument used is called the bathythermograph, f?ﬁquently abbreviated to BT).
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Hence it mey be assumed that both parties in an ASW problem know the tempera-
ture structure and attempt to optimize their tactics with respect to it.

The foregoing discussion is a very abbreviated exposition of propagation
paths as they affect sonars presently in operational use. However, although
it is intrinsic in what has been said so far, the emphasis has not been placed
on propagation paths which underlie new developments now under way. These
new scnars look very promising and are expected to be in operationel use in
a few years. To understand them it is necessary to consider more carefully
the sound rays which curve down into the deep sound channel. During Vorld
War II, and even today, such sound was lost for practical purposes except
insofar as it contributes to long-range reverberation.

In sufficiently shallow water or with sufficient downward tilt the
sound hits the bottem where some of it is absorbed and some is reflected.

The fraction which is absorbed mey be quite high, but that which is reflected
moves upward and either hits the surface or simply curves back to the bottom.
Thet which hits the surface is not reduced significantly by absorption, but
at the seme time it is not reflected uniformly, becasuse the surface is not
perfectly smooth. Thé sound goes on bouncing off the bottom and surface,
being scattered to some degree in each reflection and being absorbed in the
bottom until bottom absorption, scatiering, geometric divergence, and at-
tenuation conswume it. For existing operational sonars whose frequencies are
generally above 10 kc and whose pulse powers are typically on the order of
10 kw, the absorption, attenuation, and scattering reduce the useful signal
level 80 rapidly that sonar ranges in shallow water are very poor. Not only
does the signal disappear into noise, but it alsc must compete with severe

reverberation.

L
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It is clear thet the processes of absorption and attenuation cen be
combatted by increases in radiated power. Furthermore these processes and
the severity of scattering from a rough surface can be combatted by lower
frequencies. Hence development has been heading to*:rard. bigh-power, low-
frequency soners to operate by bottom bounce. Such sonars seek to detect
targets via these reflecting paths. As an example, the LORAD program at USNEL
(which is only one of several of interest for bottom bounce) is presently
radiating 30 kw between 1 and 2 ke. A staggered program of mul tiple-frequency
pulsing is used to overcome the limited data rate of sonar s end correlation
techniques are used in the receiver. The next development step will go to
200 kw, and future plans envisage 1 megawatt.

At best, bottom-bounce systems must f£ind their targets embedded in severe
reverberation. The radar men can conceive the typical shallow-water Problem
to involve using 300-mc radar to find a 5 or 10-knot target in an atmosphere
only 1000 ft high with earth (trees, etc.) top and bottom. Present develop-
ments are using sine wave, fm, and noise pulses with digital computer corre-
lation in the receiver to dig the target out of the clutter. However, it is
apparent that the ability to find the target at all is dependent in large part
upon the frequency difference between the doppler from the target and the
equivalent doppler spread of the reverberation. Consequently, the detection
range, especially in shallow water, will probably always depend fairly criti-
cally upon target radial velocity. This is one of many instances in which
slow speed helps the submarine avoid detection.

There is no basic difference between the use of bottom bounce in shallow
waters (continental shelves) and deep waters (ocean basins) except that in
the former the number of reflections is greater, with consequently greater

losses and shorter useful ranges. However, in degp,_ waters the use of bottom
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bounce leads up to and resembles the other main arees of present development,
vhich is reconvergence-zene echo ranging. When sound curves down from the
surface in deep water 1t finally passes the exis of the deep sound channel
and there starts tc curve back up. At a range in the order of 30 miles it
comes back up to the surface layer and most of it probably actually hits the
surface. There is a sort of focusing effect which tends to bunch the rays
back together again at this renge; so the sound is said to "reconverge" in a
zone at this range. After surface reflection the sound heads back down agein,
passes into the duct, is bent up again, forms & second reconvergence zone,
reflects again, and so on.

Until scattering, divergence, and attenuation reduce the signel below
useful levels, there is a tendency for several successive reconvergence zones
to exist., For sources near the surface these are equally spaced about 25 to
30 miles apart, and each zone has an annular width of about 10 per cent of
its range. Various scattering processes occur both at the surface and in the
volume, so the geometric regularity of ray diagrams tends to be destroyed.

The first reconvergence zone usually shows up as & region in which the acous-
tic intensity is markedly higher than on either side. However, scattering
£ills in the interveni;g regions, and later zones become successively less
Pronounced, blending into a fairly uniform distribution after about three
zZones.

In reconvergence-zone echo ranging the number of reflections is not great,
and signel level falls off primarily because of geometric spreading and attenu-
ation. With sufficient pulse power these can be overcome, and so high-pover
systems are under development. The LORAD program is primarily aimed at re-

convergence, with bottom bounce in a secondary role.
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Reconvergence-zone ranging, like bottom bounce, must combat reverberation.
When an annular region perhaps three miles across is recvurning echos from 30
miles away, even & deep submerine is immersed in surface reverberation. To
discriminate the target against the reverberation background, reliance is
placed on relative Doppler discrimination. It remasins to be seen Jjust how
reliably a target may be detected at various radial speeds in the different
zones.

Two other characteristics of reconvergence-zone ranging need to be men-
Tioned. One is that such ranging is dependent for its operation upon the re-
focusing from the deep sound chennel. This is not always as strong as one
might wish, and its characteristics are not the same in the Atlantic as in
the Pacific. There are those who expect it to be quite successful in the
Pacific but not as good in the Atlantic. Lastly, it should be noted that re-
convergence systems will probably give solid coverage out to & few kiloyards
(perhaps as much as 10 or 20 kiloyards in favorable circumstances, but some-
times much less); then there will be = holiday in the coverage out to perhaps
22 to 30 miles, at which point fairly reliable detection under favorable cir-
cumstances may occur over a spen about 3 miles wide. Beyond this will be
another 25-mile holidey where detection probability is very poor, and at about
50 or 60 miles a band perhaps 6 miles wide where the probability will be better
but probably not really good. When such systems become operational , they will
present same interesting problems to the operational people in the development
of doctrines for optimum use of this peculiar pattern of detection probability.
It may turn out, i1 the detection probability in the first zone is high enough
in enough sonar conditions, that & screening line of reconvergence-zone sonars
in deep water could be spaced about 35 to 40 miles apart. Estimates beyond
this range are, for the present, pure speculstion.

%
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CAPABILITIES OF U.S. ACTIVE SONAR

The estimates presented below of present and anticipated active sonar
capabilities are taken entirely from a2 report prepered during 1956 and pub-
lished during 1957 by the Committee on Undersea Warfare of the National Re-
search Council.* However, additional comments and information are included
which are based; in_part, on & series of recent visits to Naevy agencies, in-
cluding OpNav, BuSkips, USNUSL, NRL, and USNEL.

The active ranges presented in Table 2 are those for 50 per cent proba-
bility of detection of & rendom-aspect submarine at 1hk-db target strength,
and are based on the following set of standard conditions unless otherwise
noted.

o Deep water {2500 fathoms), convergence zone paths exist.

o Mixed surface layer depth of 100 ft.

o0 Surface temperature, 50°F.

0 Sea state 2.

This situation represents an approximate average of conditions for the
middle North Atlantic over the spring, summer, and fall pericds. During the
winter the mixed layeridepth increases to depths greater than 300 £t due to

the higher wind forces and concomitantly higher sea states.

Platform A: Convoy Escort Surface Ship (~15 Knots)

See Table 2.

Pletform B: Hunter-Killer Surface Ships (20-30 Knots)

This platform will have somewhat poorer performance than that shown for

the first four convoy escort equipments. It is doubtful whether either

*peterson, S. A., Expected Active and Passive Sonar Detection Capabili-
ties of Current and Future Platlorm-hquipment Combinations, NRC:CUW: 02k

April 1957 (Secret).
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Table 2
PLATFORM A: CONVOY ESCORT SURFACE SHIP (""’15 KNOTS)
Average Range for 50%
Probability of Detection
(Kiloyards)
Transmission Submarine{ Submarine
Path Equipment in Layer |Below Layer Status
Near Surface | SQS-4 .5 1.5 In production, one
8.1k ke year to fleet use.
8Qs-4 8 3 One prototype, four
8-1k ke, years to fleet use.
tri-beam
SQS-4 8 7 In development, 7
8-1L ke, years to fleet use.
tri-beam, hull
and 25¢-ft
towed transducer.
5Q5-23 12 3.5 In development, T
5 ke years to fleet use.
2.4 kc sonar 25 b4 Research stage, 10
years to fleet use.
Convergence |2-4 kc sonar zone 57-63 |Zone 57-63 Research stage, 10
Zone (114-131, depends upon years to fleet use.
surface reflection loss)
: |
Bottom 2. kc ‘sonar zone 10-30 (depends upon | Research stage, 10
Reflection vottom characteristics) |years to fleet use.
Path

L
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convergence zone paths or bottom reflection paths can be utlilized by equipments
on this pletform beceuse of its high background noise. In order to overcome
the background interference a very large equipment (appoximetely 16 x 10 £%)
would be required, which would introduce a large amount of drag and conse-
quently decrease endurance drastically. A well-shielded, deep vaeriable-depth
sonar should give some improvement. However, the basic limitation of sonar
operated at high speeds appears to be flow noise, which has not been appreci-
ably reduced to date.

Platform C: Picket Surface Ship (Slow)

This platform should be capable of carrying a very large equipment, which
could be towed if necessary to reduce the effects of high sea states. First
and second convergence zones should be reached and possibly the third. Bottom
reflection paths should provide ranges from about 10 kiloyards out to 40 or
50 kiloyards, depending upon the smoothness of the bottom. When swrface
Quets 250 £t deep or more exist (mid-Atlantic, winter), ranges as great as
100 kiloyards may be cbtained on targets in the duct.

Platform D: Coastal Pmtrol Craft

The 5Qs-9 (12, 1k, 16, and 18-kc searchlight, 100-ft variable-depth
sonar) is available fér this type of craft. Ranges of about two kiloyards
should be achieved against both deep and shallow targets with a layer depth
of about 100 ft.

Platform E: Airship, Helicopter, Seaplane or Hydrofoil Craft

See Table 3.

. Platform F: Explosive Echo-Ranging from Fixed-Wing Aircraft and Other Platforms

See Table L.

Platform G: Submsrine

See Table 5.

JeyR,
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Table 3
PLATFORM E: AIRSHIP, HELICOPTER, SEAFLANE OR HYDROFOIL CRAFT
Average Range for 50%

Average Speed Probability of Detection

of Advance of (Kiloyards)

the Platform Submarine} Submarine

Equipment (Knots) in Layer |Below Layer Status
AQs-2 2L 2.9 1.8 Under evaluation.
25-kc airship towed
variable depth sonar
AQs-h 11 1.9 1.3 In fleet.
20-ke, helicopter
70-ft dipped
NRL, LOMASS~3 35 15 3.5 Under develop-
2-ke¢, scanning (7} ment, laboratory
(Airship dipped; in prototype by
layer} December 1957.
NRL LOMASS-3 35 12 3.2 Under develop-
2-kc, sacnning (6) ment, laboratory
(helicopter dipped; prototype by
in layer) December 1957.
TRy
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EXPLOSIVE ECHO-RANGING FRCM FIXED WING AIRCRAFT AND OTHER

PLATFORMS (VARIABLE WATER CONDITIONS MIXED LAYER 0-150 FT TRICK)

r

Bverage Detection Range®

(Kiloyards)
Transmission Submarine | Submarine
Path System in Layer |Below Layer Status
Near Surface "Interim" X 2 Available in
55 less than one
10.5 VR .
Vertical direc- 0l 3 ¥ be aveil-
tivity in re- 10.5 le 3-5 years.
ceiver (to reduce 105
bottom reverbera-
tion).
Two hydrophones 145 3:5 v be avail-
(omnidirectional) 5.5 5.5 le 3 years.
at 60 and 300 £t. 10.5 Ta5
Two vertically : 2 3 Yy be availe
directional hydro- 10.5 able 3-5 years.
phones, one shallow, 15.5
one deep.
Total depth (all | Very deep source 30 30 be avail-
near surface con-{ and receiver 50 50 ble T-10 years.
ditions) (~12,000 rt)

*When more than one range is given, first number is for »>50 per cent
probability of detection, second for >50 per cent probability under some
conditions, <350 per cent under others, and third for some improvement ex-
pected but degree uncertain.
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Table 5 -
FLATFORM G: SUBMARINE
Average Range for 50%
Probabllity of Detection
Platform (Kiloyards)
Transmission Cperating Target Target
Path Equipment Condition in Layer Below Layer Status
Near Surface | BQS-~3 Submarine 10 In fleet.
Single quiet in
ping layer.
HIC 200 Below layer. T.5
sQs-U Transiting: 6 2,5 A few in
8-1% ke (noisy), fleet.
shallow,
SQs-k Transiting: 3¢5 5 A few in
8-1k ke (noisy), fleet.
deep.
5 kc Quiet, shal- 21 k.5 Part of in-
low. tegrated
sOnar pro-
posed for
585 nuclear
submarine.
Research
stage, 10
years to
i fleet use.
5 ke Transiting: 16 3.5 "
(noisy), | -
shallow,
Convergence |5 ke Quiet. Zone 56.5-63 Zone 56.5-63 "
Zone
Bottom 5 ke Quiet. Zone 20-50| Zone 20-50 "
Reflection

drorer
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Table 6
PLATFORM J: DEEP VEHICLE (REMOTE PLATFORM)*
Average Range for 50%
Probability of Detection
(Kiloyards)
Platform Target [Target | Target Area
Depth Above |[Below at Covered
(fathams) | Layer |Leyer | 1000ft | (sq mi) Status
500 10 10 16 &0 NRL--Tests scheduled January
1957. Feasibility depends upon
surface reverberation, data
(—v—' r urgently needed.
15 15 20.5 175 NRL-~Funds requisitioned for
1958, Feasibility depends upon
surface reverberation, data
urgently needed.
2h,5 | 24.5 30 k50
1| 33.5 [33.5 | 39.5 | 1000
" S

*The table applies to an upward looking sonar, omnidirectional in the
horizontal plane, which may be located at the depths shown. The ranges
stated are the horizontal radii to the outside of the annuler search patterns
of this equipment when an isothermal mixed layer 200-ft deep exists. No
ranges are given for the inner radii of the annular search patterns because
of the lack of data concerning surface reverberation.
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Platform H: Bottom-Mounted (Shore)

Very-long-range, active, deep-oceen surveillance systems are under con-
sideration. Too little is known sbout many of the basic parameters, however,
to permit any signilicant predictions at this time, It appears that ranges
of 50 to 100 miles may be achieved by large, fixed active systems in shallow
coastal weter during periods of the year when the water is fairly well mixed.

Platform I: Fixed Buoys

Such platforms in deep water can afford sonar performesnce ranging from
a few kiloyards to very long ranges depending upon their size, power, and
depth. Communication to the monitor cen be provided by cable, radic, or so-
nar links. Certain applications of such devices appear quite atbractive and
are being investigated.

Fixed surface-looking buoys arranged in barriers may he the only prac-
tical method of providing coverage of some shellow coastal regions during
periods when propagation losses are very high.

Platform J: Deep Vehicle (Remote Platform)

See Table 6.

The following are a variety of comments on individual entries in the
tabular data presented above,

In Table 2 the improvement In range between rows 2 and 3 for targets
below the layer illustrates the influence of a surface layer. In row 2 the
sonar is mounted on the hull of a surface ship and so 1is above the layer.
In row 3 the surface ship carries a sonar radiastor which can be put below
the layer. Such variable-depth sonar (VDS) (towed sonar) has been tested
but is rare in the operational forces. Future modification will install
this feature in the operational forces. In this same table, rows 3, 4, and

5 show the anticipated benefits of low Lreq_uency and high power, but the
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influence of the layer is evident. It must be emphasized again that the 25-
kiloyard estimate, even though by surface paths, is for deep water.

Platform A, presented in Table 2, is described as "Convoy Escort Surface
Ship (~~15 knots)." The "Convoy Escort" pert of tHis description is reslly
not significant; the teble applies to surface ASW ships at 15 knots, inde-
pendent of their mission. '

Platform B is deserving of note. This may be looked upon as Platform A
simply speeded up. The remarks made by the NCR report are well taken. Sur-
face ships which move about at hipgh speed are virtually useless when compared
with slower ships; the curves of self-noise versus speed climb astronomically
above gbout 18 knots, and at present there is no reason to foresee much change
in this situation. Hence, S.U. surface search forces must obtain search rate
by numbers and not by speed.

Platform C probably deserves a place in a balanced mixture of ASW forces.
However, in coastal waters it does not pose too serious a threat to a sub-
marine, because the submarine cen avoid the picket, and becsuse even & picket
ship does not enjoy & very good range in shallow water.

Platform D may be looked upcn as an inexpensive version of Platform A.
Inasmuch as the 3.U. ;ill presumably be hunting Polaris-carrylng submarines
in coastal waters, it may be expected that such craft will be numerous in
their fleet., The building time for such craft is much less than for full-
fledged ocean-going destroyers, so it is not at all impossible for the S.U.
to acquire large numbers of these in a few years. Hence large numbers of
such "PC boats" might turn out to be the most potent threat faced by the
submarines. Once a PC boat makes a contact he can call in his big brothers

to maintain the contact and to make the kill.
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Platform E (Table 3) is & handy-adjunct in a mixed ASW force because it
can move rapidly into an area of suspected contact and there help to estabe
lish the contact. However, even these aireraft move slowly in terms of the
distances involved and in terms of the speed with which a submerine can break
off sonar contact. Hence, such éraft require basing rather close to the oper-
ating area. As things stand today the S.U. does not have such bases near the
potential Polaris operating areas, except for the Barents Sea. The appear-
ance in the Russian fleet of numerous smell aircraft carriers would probably
signal the development of such a basing capability for the Norwegian Sea.

In any event such sonars are intrinsically limited by the weight, size, and
Dower capabilities of the platform and s¢ cannot be expected to show great
range improvement in the foreseeable future.

Platform F (Table 4) has not, we understand, lived up fully to the ex-
bectations of a few years ago. Inasmuch as an explosive source denies the
use of some valuable signal processing schemes in the receiver, this is per-
haps not surprising. 1In any event, where three ranges are listed for each
set, the first number is probably a better one to contemplate than the second
or third.

Platform G (Tablé 5) is the potent one on its own merits. As mentioned
previously, the submarine can dive in and out of the thermal structure as his
target does; if nuclear, it can maneuver and speed up so as to remain on the
tall of the target. To do these things the pursuing submarine must use sctive
sonar, and so is vulnerable to atteck himself; but at least he cannot so
readily be shaken off the trail. Except for the fact that these values rer-
taln to deep water only, the variocus estimates in Table 5 are probably the

most nearly conservative of any given in the NRC report.
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Under Platform E the word "may" should be presented in boldface, red
type. Ho evidence has been found to support the 30 to 100-mile estimete
given here; it appears to be pure speculation based upon a 300-cps-to-2-ke
research Program which has so Tar not yielded such results.

In many respects Platform I does not involve sonar problems, as such;
it is an alternative platform. However, it may be noted that buoys are per-
ticularly vulnerable to several countermeesures. Furthermore they often re-
quire a friendly shore, which the S.U. does not have in most of the areas of
interest. Qutside the 3-mile 1imit it is quite possible that various nations
might sweer the buoys up either "acciden*ally" or as hazards to navigation.

The remerks in the last column under Platform J (Teble &) hold the key
to this question. This matter of the competition of surface reverberation
with the echo, and the extent to which doppler discrimination can improve the
echo/reverberation ratic, was discussed sbove. Unforiunately the NRC report
fails to append this remark to several other line items where it is also
wvarranted. In any case, this pletform is of limited interest in the Polaris

context because of water depth.

On the whole the estimates presented are more relevant to the "classic”
anti-submarine war in‘defense of overseas transport than to defense against
Polaris. Two factors particularly lead to this comment: +the choice of water
depth and sonar conditions, and the presentation of 50 per cent probability
ranges.

The contemplated use of Polaris undoubtedly involves operatlon in the
North Sea, along the Norwegian Coast, and possibly in the Barents Sea. ALl
these waters are shallower (mostly about 100 fathoms rather than 2500 fathoms),
and the temperature structure is probably poorer than that assumed in the NRC
report. Those instances in which the NRC report estimates long ranges by

X,
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reconvergence or by deep-water bottom bounce are inapplicable in the shallow
water. Even the estimates of ranges by near-surface paths are on the optimis-
tic side in these shallow waters because of temperature structure and bottom
reverberation. The main body of the Norwegian Sea s about 1500 fathoms
deep, and the deep-water conditions assumed in the NRC report will be met

to some degree. However, in this area the deep sound channel may be poor
because of the effects of oceen currents, and reconvergence may be poor.
Furthermore the temperature structure sbove the thermocline will probably
be poor much of the time. In the Mediterranean extensive areas of deep
water are found, but poor temperature conditions may be expected because of
strong surface heating and rather poor mixing. Even in the Mediterranean a
Polaris-carrying submarine is likely to spend most of its time in shallow
coastal waters and among islands. In such cases the remarks sbove concern-
ing the shallow northern areas apply here as well.

Estimetes of 50 per cent detection probebility range are useful in all
circumstances; however, they are perhaps more indicative of the operational
problem in & protracted war of attrition than they are in a sudden-death
all-out strategic nuclear war. For the latter, 50 per cent probability ranges
should be supplemente:i by 90 per cent probability ranges, because such high
values more nearly characterize the problem faced by the defenders. Because
of temperature and bottom conditions it is not uncommon to encounter 50 per
cent probability ranges of one or two kiloyards and 90 per cent probability
ranges of zero yards. That i1s, in many shallow water areas the defending
forces, especially surface ships and shallow dunked sonars, msy never have
90 per cent probability of detection because of temperature structure and
bottam conditions. Such an area is that off Halifax, and conditions off
the Norweglian coast might well be similsar.
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The NRC report data also tacitly assume that the submarine fails to
execute some of the evasive maneuvers which a Polaris-carrying nuclear boat
could (and probebly would) use. Aside from countermeasures, which are dis-
cussed below, the boat can turn tail aspect on his pursuer, thereby reducing
his echo some 4 or more db below those assumed here, and thereby knocking the
bottom out of 90 per cent ranges for meny equipments. Further, the boat can
reduce speed to very few knots, thereby nearly eliminating the doppler dif-
fTerential whereby the ASW vessel seeks to sort him out from the reverbera-
tion. In the shallow seas (up to perhaps 200 fathoms) the boat can simply
lie on the bottom. To discriminate the boat from other objects on the bottam
then becomes very difficult; if the bottom is at all rough and rocky the boat
blends in, and only a high-resolution map of the bottom can disclose the boat
by its shape. TFinally, if the defender is not well-equipped with low-frequency
passive sonar in the combat arem, & nuclear submarine can, if he chooses,
simply run away from surface ASW forces. These latter cennot make better
than about 15 knots (and preferably much less) without sacrificing detection
range seriously. The nuclear boat can easily afford to go faster if he is
reasonably sure he will not be tracked on passive gear.

The only existiné active ASW sonar develcpment program which is not
reascnably well covered in the NRC estimates is the Colossus I program at
USNUSL. This is a bottom-mounted, upward-looking chein of active sonars for
use as & barrier line in shallow water. Such sonars are essentially inverted
fathometers, and they enjoy the same relative freedom from refractive effects;
hence their operation is quite relieble from a scnar viewpoint. They are
reverberation-limited: a submarine can be detected reliably only at ranges

shorter than the range to the surface. A range gate is used to exclude the

% .
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surface return, and this serves to establish the minimum spacing between
radiators in the string. The gap in coverage midway between two radiators
and near the surface must not be big enough to permit a submarine to sneak
through. The USNUSL program has determined that in 250 fathome the maximum
permissible spacing between units is 200 yards (in shallower water it would
be correspondingly less). The Colossus I program has used frequencies in
the interval from 16 to 26 kc with 3 watts radiated (which gives 3L db
signal /noise ratic in state 6 sea noise). They believe they can put up to
500 such units (25 miles) on one two-conductor casble. Automatic data pro-
cessing would be provided at the transducer. It is USNUSL's rough guess
that at 20 wnits per mile the cost would be $75,000 per mile plus instal-
lation costs plus shore statiom costs plus operating costs. They note that
water currents might make trouble in laying the equipment; pack ice on the
shore would also make trouble.

If a suitable friendly shore were available, then systems such as
Colossus I would be quite feasible and reliable though costly. If permitted
to operate as planned, they would probably be nearly perfect if means were
provided to sort out shallow submarines from surface vessels. The sub-
mariner's response to; such a system would involve countermeasures. Apart
from acoustic countermeasures, one effective countermeasure would be to
drag the equipment up with hooks as soon as it is laid. Perhaps the subtlest
trick would be to drape acoustic covers over a few of the units so that they
appeared to work but never gave any echos. Since the units are active, it
would be easy to find them, and such covers could be put in place by UDT
men. Between these two extremes lies a whole spectrum of countermeasures,

some of which are discussed below.
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PASSIVE SONAR

In recent years the great hope for the ASW problem has been passive
sonar, that is, low-frequency listening equipment in deep water %to hear
the nolise radlated by submarines. By using long lines of rather simple
receiving units it is possible to obtaln considerable directivity even at
low frequencies (e.g., 100 cps). The numerous receivers are strung along
a multiconductor cable so that each ocutput is brought separately to the beach.
There phesing networks are used to make steerable beams or groups of fixed
beams from a single array of hydrophones. Bearing accuracy of 2 deg at
wvavelengths of 50 £t 1s typlcal performance for existing gear. By tri-
angulation two such arrays can now yield & position fix with typical accur-
acy of about four miles radius; this is good enough for surface active sonar
to finish the Job with & modest amount of search.

By using low frequency, such shore-based deep listening arrays can
achieve detectlon and tracking at ranges of hundreds of miles because of
low attenuatlon and duct propagation in the deep sound channel. It is im-
portant to observe thet it is only in deep water that such long ranges can
be achieved. In shallower waters bottom absorption end multiple scattering
reduce the range drastically.

Much the same techniques which are unsed in deep-water bottom-mounted
arrays can be used in shallow water and in smaller arrays carried sboard
ships, notably submerines. In shallow water, as noted above, ranges are
perforce less under otherwise similar conditions. Ranges of ship-mounted
gear are also less, partly because of interference from own-ship noise, bhut
also because the array 1s smaller. Much effort is now devoted to quieting
the new attack submarines so as to improve their listening ranges; howvever,

it should always be possible for bigger bottom-mounted arrays to give ap-

preciably longer range. i i Wy
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In addition to the ship-mounted medium-size passive arrays, there are
also available for use small expendable air-droppable passive sonobouys .
These listen for submerine noises and send the signal to aircraft by radio.
Such bouys are much too expensive for continuous large-area surveillance,
but they assist a hunter-killer group in establishing initiel contact and
in re-establishing a lost contact.

U.S. fleet-type submarines can travel only sbout 150 miles on batteries
(this at low speeds; at high speed the distance is much less). Such sub-
marines must operate their diesels at points in the ocean not more than 150
miles apart. Consequently, in an srea under passive sonar surveillance such
& submarine stands & poor chence of transiting the area undetected. Actually
even this statement must be moderated, because such a boat can reduce the
likelihood of detection quite a bit by running slowly on his diesels and /or
by going on the surface.

The listening arrays which can yield such long ranges against snorkeling
submarines can yield comparsbly great renges against noisy nuclear boats
(e.g., Nautilus). Furthermore the ranges are quite long against high-speed
boats even if they are otherwise fairly quiet. But against slow boats and
against slow, quiet nticlear boats the passive detection ranges fall to values
comparable to active sonar range or even less.

For the foregoing reason the vulnersbility of the Polaris weapon system
will be critically dependent upon the ability of the submarine to be guiet.
This is probably the most critical factor in the whole problem of Folaris
Vulnerability, because the S.U. will not find it difficult to track noisy

boats. On the other hand they will find it very difficult to detect quiet boats.
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CAPABILITIES OF U.S. PASSIVE SONAR

The material presented below is taken from the same National Research
Council report that was used as a source of information on active systems.

The comments made there concerning assumptions, etc. apply here as well.

Platform A: Submarine (Slow and Medium Speed)

See Table T.

Platform B: Shore-Based, Aircraft Soncbucy and Submarine-Mounted

See Table 8.

Platform C: Picket-Ship, Very-Low-Fregquency Systems

I‘t_will be désir;ble at times to maintain surveillance of ocean areas
from surface picket ships rather than from shore based installations or from
alrcraft. Several very-low-frequency pessive systems have been suggested for
this use and are briefly described in the following paragraphs.

Bottom-Mounted Arrays

Experience In conducting acoustic survey operations has shown that a
ship can stream to an eight- or ten-mile length of caeble terminated in hydro-
rhones on the bottom gor conslderable lengths of time and under fairly severe
weather conditions. Both broad-band and narrow-band apnalyzing equipment
presently available for shore based use or under development for airborne or
submarine use could be adapted for use on picket ships. Such systems with
about eight hydrophones in deep water might be expected to give a reliable
range of the order of 100 miles on a snorkeling or cavitating submarine. To
reduce the possibility of attack by & very quiet submerine, small explosive
charges can be thrown periodically to check for echos both with the bottcmed

hydrophones and with an overside hydrophone.
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PLATFCRM A

Table 7

SUBMARINE (SLOW AND MEDIUM SPEED)

Maximum
Recorder Aural
Platform Detection |Classification
Operating Range Range
Equipmenl Type of Target| Condition| (Kiloyards)| (Kiloyards) Status
BQR~3A (5-ft line hydrophone| Snorkeling Patrol
in dome, traineble) (u.8.)or Quiet X 18 About 30 in fleet. Pri-
cavitating marily a fire conirol sonar
(any type 13 kn X L with bearing accuracy~0,1°
propulsion) in ATF. If fitted with a
(P bearing recorder, detection
rm Quiet Patrol performence would be almost
| ] Quiet b ¢ 2.5 equal to BQR-ZB.
==
rm
- BQR-2b and Bearing Recorder Snorkeling Patrol First production equipment
1-4 ke Recorder; 0.3-15 ke (u.8.) or Quiet 110 18 now installed. Production
gural (approximately 6-ft cavitating equipments for mosl of the
Miameter circular array (any type 13 kn 13 b fleet contracted for (~60).
of 48 3-ft-high lines) propulsion) g
Quiet Patrol
(shallow) Quiet 10 2.5
BQR-ka and Bearing Recorder Snorkeling Patrol Approximately 8 in fleet.
(10 x 20-ft conformal arrey of (U.S.) or Quiet 160 30 A few will have bearing
8-ft-high lines); 0.6-4.8 ke | cavitating recorders, others will get
recorder; .15-4.8 ke awral (any type 13 kn 20 9 them.
propulsion)
Quiet Patrol
(shallow) Quiet 17 9

(Conlinued)
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Table T (Cont'd.)
Max imum
Recorder Aural
Platform Deteciion |Classification
: Operating Range Range
Equipment Type of Target | Condition| (Kiloyards)| (Kiloyards) Status
HIC 200 (~5 x 7-ft search-| Snorkeling Patrol One prototype jusi evalu-
light trainable) (Uu.8.) or Quiet X 18-30 ated. Future uncertain.
cavilating Also provides single ping
(any type 13 kn x L echo ranging and direc. ion-
propulsion) a8l communication.
Quiet Patrol
(Shallow) Quiet X 2.5
36 £t x 24 ft conformal Snorkeling Patrol Part of integrated sonar
array of spots (one row (U.s. or Quiet 180 50% proposed by USL for 585
high); 0.5-2 kc recorder; cavitating nuclear boat (1958 build-
. 0.15-5 ke aural (any type 13 kn 11 ~3 ing program.
propulsion
Quiel Patrol
(shallow) Quiet 12 L%
B-fL diameter Cylinder Snorkeling Patrol Part of integrated sonar
L-ft high; 1-2 ke recorder;| (U.8.) or Quiet 170 48 gbove, primarily designed
0.3-10 ke aural caviteiing for aclive delection at
(any Lype 13 kn 5 ke intermediate and short
propulsion) range passive tracking and
fire control (canno. use
Quiet Patrol LOFAR).
(Shallow) Quiet 16 9

GOT

(Continued)
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Table 7 {Cont'd.)
Maximum
Recorder Aural
Platform Detection [Classifiecation
Operating Range Range
Equipment Type of Target |Condiiion |(Kiloyards) | (Kiloyards) Status
PUFFS; three equally Snorkeling Patrol 10-15 Passive ranging system.
spaced 6-ft lines on 250- (u.s.) or Quiet (for range Breadboard model has had
f{ base line; 0.2-8 ke cavititing determin- limited sea Lesis by NOL.
(any type ation, ac-
propulsion) curacy about

2 per cent
or range)

NOTES: 1.

e
134318

Localization by passive equipments aboul ¥ 2%,
2. BGR-2b--Automatic target following will provide bearing accuracy of

12 kiloyards on patrol quiet platform.
3. BQR-7 BIL described in LOFAR sheet.

0.25° on noisy Larget at

y *It 1s proposed to use a LOFAR analyzer with this equipment which may permit classification at recorder
Fdetection range when platform is at patrol quiet.

+
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PLATFORM B:

Table 8-

AND SUBMARINE-MOUNTED
(VERY LOW FREQUENCY PASSIVE SYSTEMS)

SHORE-BASED, ATRCRAFT SONOBUOY

HWater Detection
Depth Type of Range
Platform (fathoms) | Type of Targel} Anslysis (miles) |Localization |Classification Status
Shore -based, 1000 Snorkelfng Narrow band 100-4001 o= 202 Good but not Operationalg
deep arrays (Uu.s.) (LOFAR) 100 per cent6
Shore-based, 21000 Low speed, Narrow band T5-300 6 = 20° Good but not 0perationa18
¢ Jdeep arrays Snorkel (LOFAR) 100 per cent®
Pt (British)
— @D
E = 3 8
™ 3Shore-based, >1000 High speed, Narrow band 75-400 6 = 202 Good but not . [Operationsal
==  deep arrays snorkel or (LOFAR) 100 per cent®
battery
v ] (British)
.f
Shore-based, 21000 High speed, Narrow band | 200-1000 g = 202 Good but not |[Operational
deep arrays nuclear (LOFAR) 100 per cent
(NAUTILUS)
Shore-hased., 21000 Low speed, Narrow band 10-100 g = 202 Good but not 0perationa18
deep arrays nuclear (LOFAR) 100 per cent
Quiet battery -5 Good but not LO;perr:a.‘c.ionetl8

100 per cent6

(Continued)
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Table 8 {(ConL'd.)
Water Detection
Depth Type of Range
Platform (fathoms) |Type of Target | Analysis (miles) [Localization |Classification| Status

Shore-based, <100 Snorkel {U.S.){Narrow band 20-50 gl Good but not6 Available
shallow + broad band (Estimated) | 100 per cent 1958
water, short
arrays N

<100 Quiet battery [Narrow band 1-10 2 Good but not_|Available

+ broad band (Estimated) | 100 per cent 1958
Shore-based, 32500 Note L Nerrow band Good but not  [Under study
very deep + broad band 100 per cent
vater arrays
Shore-based, |100-1000 Hote 5 Narrow band Good but not  Available
medium depth + broad band 100 per cent® | 1958
A Arrays
Aircraft >1000 Snorkel Nerrow band | 30-100 10° Good [Production
sonobuoy + broad band 1958
Aircraft 31000 Cavitating Narrow band 20-40 10° Requires sur- [Production
soncbuocy + broed band face observa- | 1958
tion + listen-
ing

Alrcraft 21000 Quiet Narrow band 1/2-2 Good Production
sonobuoy + broad band!|(Estimated) 1958

(Continued)
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Table 8 (Cont'd.)
Water Detectiaon
Depth Type of Range
Platform (fathoms) Type of Target Analysis (miles) |[Localization| Classification| Status
Afrcraft <100 Snorkel Narrow band 10-h0 10°0 Good Production
soncbuoy + broad bandl 1958
Aircraft <100 Cavitating |Narrow band 10-30 10° Requires sur- |Production
sonobuoy + broad bandT face observa- 1958
tion + listen-
ing
Alrecraft <100 Quiet Narrow band 1-5 169 Good Production
sonobuoy ' + broed bandl 1958
Submarine \ ‘R Snorkel Narrow band 30-100 27 Good BQR-7 Experi-
i {(quiet conm- + broad band mental Model.
. dition) \

Submarine [ Cavitating |Narrov band 10-50 20 Fair BQR-7 Experi-
(quiet con- + broad band mental Model.
dition) r + demodulation

|

NOTES: 1. A nmﬁﬁl‘figxma‘ of 200 miles 1s generally used. There is a smell seescnal variation and also
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a difference between areas of the ocean.
At 200 miles from each of two or more stations it is approximately a circle of h-mile radius.

By changes in propeller and fin design the blade and shaft lines can probably be greatly re-
duced, thereby cutting the high speed snorkel range to 75 to 200 miles and the high-speed bat-
tery to a much lower figure,

(Continued)
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Table 8 (Cont'd.)

NOTES (Conl'd.):

L, Betlter ranges than deep arrays for quiet targets bul poorer ranges on noisy targets.

5. Ranges intermediate between those of deep water and shallow water arrays.

6. The addition of an ideal broadband bearing esnalyzer to the narrow band analyzer should yield an
improvement in classification.

7. Can be combined with explosive echo ranging to improve detection probability, localization, and
classification. ~

8. A prototype broad band space correlation system {SIGMA) for use with existing SOSUS arrays has
been evaluated at Eleuthera. (See USL Report No. 308.) Range on cavitating submarines, 100-200
miles.

¢  COMMENIS:
(nz i
€. Seturation. Saturation by random shipping may well be a problem in peacetime, In wartiime, with controlled
=L, Shipping, saturation by targets may not be & problem if sonobuoy equipped aircraft are availasble to examine

-~ in succession all targets in & given beam.

Y

i Future Possibllities. Range increases are questionable as improvements in detection capabilities may be
€~ hrlanced by quieting of future submarines.

¥

+Cl

Jamming. Jamming by the enemy may be feasible.
Decoys. Decoys may be feasible and would contribute to the saturation problem.

Interfering targets will cause more trouble to 2-hydrophone CODAR than to SIGMA, but a sysfem combining the
best properties of both should be possible.
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Floating Array

As an extension of the sonobuoy principle, & small amount of work has
been done with floating arrays. In one proposal, hydroplanes are mounted on
the spokes of an umbrella-like structure about 30 fé-in diameter which in
turn is suspended from & buoy. Either a cable link or a radio link to the
ship can be provided. The analyzing equipment would be similar to that used
for the bottom-mounted array. This system would also be expected to have a
range of about 100 miles on a snorkeling or cavitating submarine; the bearing
accuracy would probably be less than that of the bottom array. It could also
be used with small explosive charges for echos. This system hes the dis-
advantage of drifting unless an anchor can be devised; it has the advantage
of permitting the picket ship mobility for evasion or attack if a radio link

is used.

Ship Soncbuoys

Either short-life or long-life sonobuoys can be used, singly or in pairs.
The characteristics and analyzing equipment would be essentially the same as
the aircraft equipment, but simpler than the floating array. Handling would
also be simpler, but the expected range on snorkeling or cavitating sub-
marines would be only about S0 miles. Agailn, explosives could be used to
help detect nearby quiet submarines. The soncbuoy system requires little
speclal -handling equipment on the ship, and therefore can be quickly installed
on any vessel capable of meintaining station.
Conclusions

These data are as complete as they could be made within the limited
period of preparation. Predictions of performance in other propagation
sltuations would be very desirable, and should Include deep mixed layers, -
shallow depressed channels, intermediate depth wa&gr (~1000 fathoms), and
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shallow water (~~100 fathoms). It would also be worth while to establish a
mutually acceptable set of representative propagation conditions to serve
as a basis for comparison of various soner Platform-equipment combinetions.

Fewer comments are needed at this point than vere appended to the NRC
deta concerning ective systems. This is partly because the data speak for
themselves; if a1l data relevant to snorkeling submerines and high-speed sub-
marines are ignored, then one can pretty well infer the situation as it would
pertain to a slow, guiet nuclear boat. Alternatively one can see in these
tables the detection and tracking ranges which the S.U. might achieve by
passive sonar egainst noisy boats. Row 5 of Table 8 is singled out for
further comment. The range of 10 to 100 miles listed for shore-based deep
arrays ageinst low-speed nuclear boats is at least highly misleeding, if not
Just plain wrong. Perheps this estimate is applicable to the Nautilus » which
is an exceedingly noisy boat. It should not be construed from this that
such ranges will be obtained against quiet, low-speed boats. A far better
estimate for that case is shown in the following row of Table 8: against
quiet battery boats, "?" to 5 miles. Between these two limits, it might
turn out thet "?" is a better estimate than "5".

The comments appended in the NRC report to Table 8 are well taken and

deserving of more attention. This 1s the subject of the following peragraphs.

SONAR COUNTERMEASURES

Although all sorts of active and passive sonar countermeasures were
employed during World War II, it is only rarely thet one finds countermeasures
brought into a discussion of the potentlalities of a sconar weapon system.

In this respect the whole field of sonar is less advanced than redar, where

a8 universal conscicusness of countermeasures exists. Not that the techniques
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and devices for sonar countermeasures ere lacking; rather the absence of this
phase of the problem from sonar system anelyses sometimes lends an air of un-
realistic optimism to forecasts of capability against a skilled and determined
enémy. Polaris submarines couwld derive much protection from well-used counter-
measures; they should be incorporated in the weapon system, and they should
be accounted for in an estimete of vulnerability.

There are several techniques and devices which can help a submarine
avoid detection entirely. Probably the most important of all is simply to
be quiet, and this has been discussed above. However, the quietest boat
faces some chance, albeit smell, of being found more or less by accident.
One way to diminish this chance markedly is by painting the submarine with
a sound-absorbing coating. During World War II the German Navy developed
absorbing coatings; there is some controversy over their actual effectiveness
and over the absorption mechanism in the material, but there seems to be
little doubt that some sbsorption was obtained. In this connection it must
be emphasized that as little as 3-db echo reduction carn have drastic effects
on detection probability, especislly in shallow water where reverberation
limites the detection range severely.

After the war the' U.S5. Navy supported & development program at M.I.T.
to carry on from the Germen start. By the late 1940's the M,I.T. program
had produced a coating which, in the leboratory, ylelded about 10-db or more
echo reduction over the temperature and pressure ranges of interest to a
submarine. That coating was more effective against the somar frequencies
then in use (e.g., 2k kc) and would undoubtedly have given poorer absorption
et lower frequencies. The M.I.T. laboratory tests were sufficiently promising
to lead to a full-scale trial at sea, and the U.S.S. Cubera waes coated

(Project Mystic). Numerous mishaps occurred d.ur%,ng the trial program. The
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necessary clean metel surface was not obtained, with the result that large
patches of the coating failed to adhere and washed off shortly after the
Cubera put to sea. Furthermore the materiel laid down on the Cubera wes
demonstrably not that prescribed, presumably because the workmen were not
sufficliently skilled and trained. The net result was little or no echo re-
duction in the trial. This event, perhaps coupled with a basic question as
to the extent to which U.S. submarines, as their mission was then conceived,
would benefit from echo reduction, led to a widespread loss of interest in
the program.

It would appear that the value of such a coating to & Polaris boat
would be so great as to Justify & very sizeble program aimed at producing
a practical coating. The goal need not be very large absorption, although
this is certainly desirable; the goal should include useful absorption at
low frequencies (e.g., down to 1 or 2 ke). Above all the goal should be
practicabllity; there 1s no reason to suppose that a low-frequency coating
need to be go thick as to be impractical, and there is no reason to suppose
that a coating cannot be bounded tightly to the hull by routine careful work
in a Navy yard. It spould be noted that the USSR did not suffer the dis-
appointment of Project Mystic and so may not be deterred from developing such
coatings for Russian boats.

The old NAC and NAE beacons and their various kin are sonar noise-
makers which a submarine can eject to jam enemy sonar. They are the counter-
rarts of radar noise and sweep Jjammers. They work to some degree, and help
a8 submarine to break off sonar contact once his presence in the ares is
certainly known. To work against the new high-power, low-frequency sonars,
bigger and more costly devices would be needed. Such a development is
certainly possible; its worth would require ca.reiul system analysis.
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Presumably if such noisemakers have a place in the scheme of things it must
be to break off contact by a tailing S.U. boat during peacetime. If nuclear-
warhead ASW weapons were employed, such ejected noisemakers would be of small
help because of the large lethal radius. )

A different family of noisemakers could be employed by U.S. boats to
Jam Soviet fixed sonar installations (such as bottom-mounted or buoy-mounted
active or passive systems). TFairly cheap battery-operated noisemskers could
be planted close to such arrays. It would probably not cost the S.U. more to
disable the noisemekers (without damage to their own systems) than it would
for us to place them by air drop or by ejection from torpedo tubes. Such
noisemakers, with a useful life of a few weeks, might be laid in times of
international tension as part of a low-level alert.

Hdoming torpedoes, both active and passive, are in use. These can, of
course, be used as defensive ordnance with considerable effectiveness. A
submarine is not helpless against attacking ships, because the submarine can
usually detect and track the surface ship long before it is itself detected.
However, homing torpedoes can also be used against bottom-mounted active
sonars. The exchange ratio can be quite attractive, and it should be pos-~
sible to deter the S.b. from emplacing sizable sonars in international waters.

Dragging or cutting the cables to fixed installations has been mentioned
previously. This is really not very difficult, especially if the location
to drag is reasonably well known by virtue of watching the installation go in.

U.D.T. swimmers can be launched from and recovered by a submarine. If
equipped with underwater sleds such men are quite mobile. In shallow waters
they can explore the bottom to f£ind hostile installations. They can cut
cables or disable equipment. More subtly, they can move equipment from .
place to place or rotate it so that it gives fa%eg bearings. They can cover

- SERRAREL
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it with sheets of foam rubber and so put it out of business. U.D.T. men can
also inspect their own submarine to discover limpet bombs; this would seem

to be a necessary defensive move, especially in the Mediterranean where limpets
might otherwise be very attractive to the S.U.

If Polaris submarines plan to lie for appreciable periods in shallow
waters off the Norwegian coast, they might help themselves by ejecting from
their tubes simple battery-operated echo-repeaters. A bevy of such devices
strewvn about in shallow waters would give the S.U., forces a collection of
false submarine targets to investigate (and perhaps attack).

It should not be unduly difficult to construct a battery-operated device
which emits a line spectrum roughly resembling the LOFAR signature of a diesel
engine. A series of sharp, low-repetition-rate pulses is needed. These could
be used to deceive or to saturate long-range, low-frequency passive sonar.

Friendly surface shipping can be sailled around in the vicinity of low-
frequency passive arrays. These ships can be made to put out sizable amounts
of noise (a freighter running light with & bent propeller shaft is especially
good at this) and so to render the passive array nearly useless. Of course,
enchoring the freighter, doing a fair amount of hull riveting, and then drag-
ging the anchor acrods the array can be helpful additions to such a scenario.

Surface shipping, even hostile vessels, can be used to penetrate a
barrier. A submarine can run under a surface ship or hang on in his wake
with only moderate difficulty, and it is very difficult for search forces to
find him there. Unless S.U. destroyers are equipped with exceptionally good
sonar, a daring submariner could even tag along under a destroyer returning
to port. A£ night during peacetime a submarine can run on the surface close
to merchant shipping with very slight risk of detection. In that position

radar 1s not likely to find him.
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At night a submarine can run close to a shore on the surface with

small risk of detection, especially if he exercises modest caution to de-
tect unfriendly radar and sonar early enough to dive and lie on the bottom.
In nearly all conditions a submarine is safest at snallow submergence,
and he is much safer in shallow coastal waters among islands. This tactic,

with quieting, with an echo-reducing coating, and with a few countermeasure

devices, should make a nuclear submarine nearly undetectable.

ALTERNATIVES TO SONAR

Inasmuch as sonar works as poorly as it does, one may well inquire why
it is the predominant anti-submasrine detection method. The answer is simply
that all the alternatives are even less versatile and useful. Though sonar
ranges are short, all other techniques offer even shorter range and most
have additional limitations. Nevertheless there are alternmatives, and these
must be anticipated in the defense of a Polaris-carrying submarine.

MAD (Magnetic Airborne Detector or Magnetic Anomaly Detector) gear
carried in low~flying aircraft can detect a submarine by the disturbance
vhich the submarine's steel hull makes in the earth's magnetic field. In
the long run the subm;rine could counter this device by degaussing or by
the use of non-magnetic steels, but these measures are not now contemplated
in the Polaris program. The detection rénge of MAD is only about 1500 ft
(maximum) and so the gear is chiefly useful in closing a narrow channel or
in localizing a contact established by other means.

lMagnetic loops-~-that is, cable loops on the bottom--can,also be used to
detect the presence of the magnetic disturbance caused by the submarine.
Such loops are of quite limited applicability because of the need for a

friendly shore, because they only work in fairly shallow water in areas of
Ry
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small natural magnétic disturbance, and because it is impractical to use
them in areas where water currents are strong.

There is at present a development program (Project Clinker) which uses
airborne passive infrared gear to detect a trace on the surface caused by
the passage of & submerged submarine. There is not much doubt that the
trace is weakened by deep submergence and by slow speed. It is not yet
clear how soon after passage the trace appears, nor is it yet clear that
identification of the trace can be sufficiently reliable. At best the
surface tends to be cluttered by windrows and by traces from surface ships.
On the other hand it may turn out that a nuclear boat leaves an especially
strong or characteristic wake because of the large amounts of heat vented
outboard. It is not now appropriate to go beyond the foregoing remsrks
because an evaluation program for Clinker is under way, and the results
have not yet been reported to us.

The submarine will be especially wvulnerable to covert attgck when in
and when leaving port. At those times it would be fairly easy for covert
U.D.T. men (disguised as sportsmen, for example) to attach devices to the
hull of the boat. This would involve a certain amount of risk, but it
should not be assumed'to be an unacceptable risk, especially if it is known
that the submarines fail to inspect themselves at sea. Various harbor
defense devices to protect against free swimmers exist, but it would be
foclish to suppose they cannot be penetrated. The devices could be limpet
bombs, mentioned previously, but they might also be poisemakers or lights
or dye-markers which would facilitate detection when set off by a time clock.
Self-inspection at sea would seem to be the surest defense against such
devices, and 1s just one more mission for a team of U.D.T. men aboard the

submarine. ‘
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MINES

Unlike all other major navel powers in recent yvears, Russia has a naval
tradition and history of mine warfare. Mine warfare is regarded as one of
the main branches of the Russian navgl service, and career officers serve
their stint in the field as & matter of course. Russis is known to have a
large stockpile of thoroughly modern mines and has used them in the recent
past. It must be assumed that Russian planners will at least consider the
use of mines in defense sgainst Polaris.

Naval mines can be grouped in two main fypes: moored mines and ground
mines. Moored mines are buoyant and are held at a preset depth by an anchor;
a lock can be used to hold them down until it is desired for them to float
up to position. Ground mines lie on {or in) the bottom; they need not be
buoyant and so can carry a heavier charge (2000 lbs is typical, as compared
with 600 1bs for moored mines). All mines could carry nuclear charges.

Modern mines are highly developed; when laid gently and with care they
are relisble. They can be laid by submarine, by surface vessel, and by
air {either with or without a parachute). Moored mines, once they let up
to depth, are relatiyely easy to locate by high-resclution sonar (although
search rates tend to be low), and they can be swept by conventional mine-
sweeping ftechniques which cut the anchor cables. Ground mines are exceed-
ingly hard to locate; for all practical purposes this remains an unsolved
problem despite a great deal of development effort. Furthermore, no satis-
factory sweeping methods are available for use against a sophisticated
ground mine.

Mines in present stockpiles can be routinely outfitted with any mixture

of the following gadgets:
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o delayed rise to depth (moored mines, preset at time of laying)

o delayed arming (usually up to 1 year, preset at time of laying)

o ship counter, which simply counts down one digit from a preset
mmber every time the mine would otherwise have gone off

o magnetic signature

o acoustic signature

0 pressure signature

Among those developed but not usually used are optical sensors, vibra-
tion pickups, and cosmic ray background sensors; no doubt still others exist.

Not all of these gadgets would be useful specifically against Polaris.
For example, the ship counter is suited to a protracted war of attrition and
is used to make a ground mine hard to sweep. Ship counters could be used in
anti-Polaris mines, but very possibly would not be. On te other hand,
delayed arming would probably be very attractive.

It is possible to lay down a defensive mine fieldin territorial waters,
announce its presence, and defend it., To transit such a mine field would be
essentially impossible if the defender used some sonar pickups to detect
stealthy activity. At the present time there are no areas where such a
defensive mine field’would much hamper Polaris operations. However, if
the political situation around the Mediterranean were to change, this might
no longer be true.

An extensive mine field such as this could be used to exclude all
ships, friend and foe alike. (To leave open lanes for the passage of
friendly ships invites the submarine to sneak through by following.) How-
ever, it is possible to assemble mines which are specifically directed
against submarines; not only moored mines set below surface shipping, but

also mines which are set for specific submarine signatures are undoubtedly
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possible. One conceivable combination, which exploits the quietness of the
submarine, would be to require a magnetic signature, a weak pressure signa-
ture, and the absence of an acoustic signature. Even more specificity would
be obtained by requiring the signature of the nucléar submarine. And the
Russians might even be able to concmet a device which recognizes American
nuclear submarines.

It is one thing to lay down an extensive mine field in territorial
waters; it is quite another to mine international waters. In most areas
the Russians would stand small chance of doing it without detection, and
probably other nations would resist with force. Exceptions might be made
for the Barents Sea, where the Russians are strong and our surveillance is
haphazard. The Black Sea is a lot more risky, but not necessarily critically
s0.

Sporadic sneak mining in open waters (or even covert mining in NATO
territorial waters) is much harder to detect. It is not beyond all reason
that such methods might be used to attrite our submarine force.in peacetime.
An occasional loss at sea, even if known to be by mine, would cause all sorts
of diplomatic furor b?t would be difficult to pin down. An exploded mine is
fairly anonymous, particularly in waters which were mined during World War II.
It would be exhausting and fruitless to sweep extensive areas against sporadic
mining; the only real hope would be to catch them in the act, and this is
unlikely.

Remotely operated mines are quite feasible, not only by cable to the
beach or to a friendly boat, but also by acoustic or low~-frequency radio
contrcl. It may seem a drastic approach, but it is not beyond technical
possibility for the Russians to lay numerous controlled nuclear mines in

potential Polaris operating areas, these to be dgtonated simultaneously with
g,
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an attack on the U.S.

How effective any plausible level of such mining would

L« 1s most uncertain, but it must be borne in mind thet the Polaris weapon
system may be sensitive to modest levels of shock.
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Appendix D

WEAPON EFFECTIVENESS

Figure 1 shows the number of weapons required”for the destruction of
point targets as a function of hardness, yield, and CEP.

Figures 2 through 7 show the mumber of weapons required for various
average levels of structural collapse and fatalities against a target system
made up of the 135 Soviet cities with populations of at least 100, 000.
These curves were generated from information available in RAND Research

Memorandum RM-l6?l,* which is a detailed analysis of the structure of eight
Soviet cities and their vulnerability to a wide variety of attacks. Fatali-
ties were associated with structural collapse of buildings. The buildings
were assumed to be drag-sensitive, which reduces the overpressure require-
ment for larger-yield wespons. The effects of radioactive fallout or fire
storm were not considered, nor were civilian defense shelters, although the
population was protected by those measuresavailable to an unhardened city.
There was no evacuation of the population. The attack consisted of using
weapons of the same size on the entire target system. For those targets
requiring more than o;e weapon, multiple aim points and multiple weapons

up to 13 were considered. The force size represents the number of weapons
that must be detonated on target. No allowance has been made for the effects
of enemy attrition or disruption; nor have launch and inflight relisbilities
been accounted for.

In generating these graphs a particular weapon yield was chosen first.

The number of these weapons required for each of RM-16T7l's eight exemplar

* Hanunian, N, A., Urban Blast Damage, Weapon Yields, and Delivery Accuracy
(7), AM-1571, July 15, 1957 (Secret-restricted Data)
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Table 9

SUMMARY OF WEAPON-EFFECTIVENESS FACTORS
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Exemplar Cities

Gorkily

Groznyy

Molotov| Komsomolsk

Saratov ITeshkent

Ufa-Chernikovsk

Others® [Total

Number of
Similar
Cities

Stalingrad

11

12

13

35

by

135

Citiesn

Tolel

Popuwlation
of Similer

( thousands
of Persons)

largest
Smallest

4,578

3,176
525

1,066

538
147

1,320

330
113

4,131

731
2o

3,717

T18
101

4,079

901
109

11,627

4,839
188

6,891

350
102

5,596

211
ic2

43,005

s

Rudius of
Similar

Cliles

(miles)
largest
Smallest

W &
L] &
o \wn

=W

4.5
1.0

W
@

[0 -2

O~

<N
o=

*u0thers" are to be lumped together with either Tashkent or Groznyy, whichever has the smaller number of

weapons required.
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cities was then determined for the desired damage level, Due to having dis-
crete weapons, the average damage level was often larger than the desired
damage level. This is particularly true for the case of a large weapon
against a small city, in which one weapon does considerably more damage
than desired.

The pumber of wezpons for each exemélar city was then multiplied by the
number of cities similar to the exemplar. The sum of these products repre-
sents the force size required for the conditions chosen. The accompanying

Table 9 summarizes the various factors pertinent to this method.
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