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ABSTRACT

The objectives were to measure X-ray characteristics, that is, total energy and
spectral shape, and to measure certain effects of the induced X-ray blowoff and
impulse in various materials.

Accordingly, suitable instruments designed for the conditions of Shots Star
Fish Prime and King Fish were carried aloft by pods parasitic to the Thor
missiles. These pods were released prior to vernier engine cutoff such that at
burst time each intercepted the X-rays at a different range.

The three Star Fish Prime pods were recovered. For all pods the misori-
entation and ranges from burst were greater than expected, and one pod wag
side on to the burst. Despite the 40-percent loss of instruments and the func-
tional impairment from misorientations and low fluxes of those remaining, it
was possible to achieve a substantial part of the experimental objectives.

In the subsequent shot, King Fish, water impact was apparently unchecked,
and although one pod was recovered, both instrument bulkheads were lost.

Important and consistent X-ray impulse data from metals, plastics, and
reentry vehicle materials were obtained from two Star Fish Prime pods.

Samples of actual reentry vehicle material cross sections
were exposed. The flux levels were such that most materials on the closer pod
were damaged, and those on the farther pod were largely undamaged.
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CHAPTER |
INTRODUCTION

1.1 OBJECTIVES

The objectives of both the King Fish and Star Fish experiments were the
measurement, in essentially extra-atmospheric conditions, of the nature of
the X-ray emission from a nuclear device, the chuacteris\t’icn of the induceq
impulse from X-ray blowoff, and the effects on various materials. The spe-
cific experimental objectives were to determine: (1) total X-ray energy
emitted by the weapon, (2) X-ray spectrum, and (3) X-ray-induced tota]
momentum.

A number of other relevant measurements concerned with X-ray phenom-
ens were attempted. These were: (1) to determine peak pressure profiles,
as well as time durations of blowoff impulses; (2) to determine the initia]
temperature gradients established in materials by the X-ray flux; (3) to
observe X-ray effects on samples of reentry vehicle (R/V) composite ma.
terials; and (4)to observe the X-ray effects on the hardened structure of the
inetrument pod.

Measurement of X-ray blowoff impulse as a function of material and flux
was the most important test objective. The weapon X-ray diagnostic data
were also an important objectiYa. not only because they are necessary for
data reduction of other parts of the experiment, but also because few such
measuremaents have ever been made.

1.2 BACKGROUND AND THEORY

At altitudes above 90 iom (300, 000 feet) the nature of weapon phenomenol-
ogy is qualitatively different from that encountered at sea level. The snergy
of the weapon, which at lower altitudes is converted into blast and thermal
radiation, must now appear as kinetic energy of the bomb materials and as
X-radiation characteristic of a very high temperature source. Present
theory and experiments indicate that for many weapons

This soft X-radiation

represents an important area of weapon phenomenology, since at high alti-
tudes (and rarefied atmosphere) X-rays will propagate to distances of many
kilometers with essentially only a geometric decrease of the flux.



For various sound reasons, the idea of killing hostile ICBM's at such
extra-atmospheric altitudes has become highly attractive in recent years.
Because the predominant ‘weapon output there is X-rays, the associated
kill mechanism, impulsive blowoff, has been given much attention. Several
field tests were conducted prior to the 1958 Moratorium that were designed
to give some data on this phenomenon.

However, in these prior high-altitude field tests (Reference 1), meager X-ray
and/or thermal effects data were obtained. In Shot Orange the instrumenta-
tion pod was not recovered, and although the Shot Teak pod was recovered,
only limited X-ray effects data could be extracted,

Unfortunately however, little X-ray effects data
were obtained.

During the three-year moratorium from 1953 to 1962,a large-scale the-
oretical as well as experimental simulation program was carried out to
determine the exact nature of the X-ray effects and their kill radii on opera-
tional systems. Thevarious simulation techniques have included high-
explosive loading of entire R/V's, exploding foil methods for applying frac-
tional microsecond pulses to sections of material+. and air guns. The
experimental simulation program indicated that lethal structural damage
might be produced in targets at militarily significant distances, i.e., sev-
eral kilometers from Mt weapons. The following damage mechanisms have
been deemed significant to reentry vehicles: (1) crushing, delamination, and
fracture of ablative material; (2) crushing, deformation,or shock damage
to internal components such as arming and fusing equipment; (3) spall dam-
age to frangible impact fuzes; (4) thermal fracture of surface materials;

(5) gross structural damage; and to space vehicles: (1) change: in thermal
control surfaces which then upset the thermal balance of sensitive compo-
nents; (2) damage or removal of - eflective and optical coatings on IR, UV
or visible windows and lens systems; and (3) low-impulse damage to sup-

porting structures of iarge solar collecting surfaces.

However, present laboratory methods do not adequately simulate the
X-ray deposition and early shock. This is due to the inherent difficulty of
simulating the X-ray energy density absorbed as a function of depth and time

12



in the target material. It was antic{"pated that® data would

!
remove most of the uncertainties and sources of possible error in present
theoretical-simulation programs. That experiment was conducted under
controlled conditions where individual X-ray effects measurements could be
made, However, in some respects the while an
excellent check on current theories and simulation techniques, did not simu-

late the situation of immediate military interest.

The Fish Bowl experiments
provided the opportunity to make some of the same measurements that
attempted but with the environment associated with the real
vulnerability problem. An equally important consideration was that the
success of, kould not be guaranteed and the Fish Bowl experi-
ment provided a backup.

Paralleling the above-mentioned experimental studies of weapon effects,
there have been continuing theoretical programs concerned with the physical
mechanism of X-ray-induced irﬁp\;lles. Theoretical effort has produced two
compatible methods of vastly dilélrate sophistication: the conservation of
momentum description and the hydrodynamic model.

In the conservation of momentum method the absorption of X-ray energy
in the surface layer is calculated as a function of depth using known X-ray
absorption coefficients (Reference 6). Knowledge of specific heats and heats of
vaporization of materials involved is then used to calculate the depth of
vaporized material and the energy of vaporized molecules as a function

of depth. It is usually assumed that the molecules leave the surface

13



normally and that X-ray deposition is instantaneous. Having calculated the
energy of the molecules leaving the surface, it is possible to calculate the
momentum carried away from the surface by the molecules. Congervation
of momentum requires that the surface receive an impulse equal in magnitude
but opposite in direction.

The conservation of momentum method is admittedly an approximation,
but it permits a quick estimate of the time -integrated impulse; time depend-
ence of the impulse cannot be caluclated nor can information about peak pres-
sures or pulse durations. Yet,for a first estimate of total impulse, this
technique appears to be suitable, particularly in view of the fact that the
values calculated do not vary inordinately from those of other more sophis -
ticated methods.

In the more detailed hydrodynamic analysis of impulse, the deposition
of X-ray energy in the surface layer yields the pressure and temperature
conditions in the resulting vapor. The vapor is assumed to have a partic-
ular equation of state and to obey the hydrodynamic differential equations,
The equations are solved using appropriate boundary and initial conditions,
One output of the calculations is the pressure as a function of time at the
interface between the gaseour layer and the solid material. This yields
directly the pressure transm.itted to the solid material as a function of
time.

In practice the hydrodynamic problem is far from trivial. Analytic so-
lutions which have been obtained are approximate, and machine computations
are required to obtain more nearly exact solutions.

Bethe, for example, has derived an approximate analytical expression
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for the deposition of X-ray energy in the surface layer (References 7 and 8).
This expression is apparently quite satisfactory except v'ery near the
surface, Bethe was also able to solve analytically, to a good approximation,
the hydrodynamic differential equations.

The alternative approach to the solution of the hydrodynamic problem
has been to calculate energy deposition as a function of depth and to obtain
the required solutions of the differential equations of hydrodynamic motion
using numerical methods. The complexity of the problem requires the use
of computers. A machine code used for this at Lawrence Radiation Labora-
tory was known as SHARP (Reference 9); a later version developed at AFSWC is
called PUFF (Reference 8). The PUFF Code uses empirical equations of state
instead of the perfect gas law,

The Bethe analytical solution and the PUFF numerical solution agree
well for the integrated X-ray impulses in a number of cases which have been
studied. Differences in the results of the two methods are obtained in com-
puting the time and depth dependence of pressure and other dynamic variables.

Regardless of the description used in predicting impulses, however,
the success any one theory achieved in describing the hydrodynamics was
unknown until and Fish Bowl, since virtually no experimental
data existed from which an evaluation could have been made.

1.3 OPERATIONS

Allied Research, in the period from January to May 1962, designed, fab-
ricated, and delivered to Johnston Island several complete sets of ﬁauive
X -ray instruments for the Star Fish shot in the Fish Bowl Series of Opera-

tion Dominic, Originally,the operation had been conceived to incorporate
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three instrumented recoverable pods. These pods and their instrumentation
were tc be carried aloft by the Thor missile and, through selective release,

to be positioned at slant ranges of 7.5, 1u, and 14 km from the burst. In

May, however, a decision was rendered by HQ, Defense Atomic Support Agency (DASA) to
substitute Mk V reentry vehicles for the 7.5- and 14-km pods. This was the configuration
which was flown in the first Star Fish shot, 19 June 1962, in which the Thor
malfunctioned and was destroyed as a result of aerodynamic problems caused
by the smaller size of the substituted R/V's. The repeat experiment was

then revised to the initial concept of three Project 8B pods and took place

9 July 1962 (Star Fish Prime, hereafter abbreviated SF').

The survey of the X-ray source characteristics and X-ray effects at-
tempted in SF' met with mixed success. One of the three instrument
carriers (pods) was unstabilized and produced no data, since the contained
instruments did not view the burst, With regard to the remaining two pods,
the pod axis-line of sight angles were considerably greater than anticipated,
with the consequence that the diagnostic instruments either failed to view the
burst or were impaired beyond usefulness. Hence,none of the originally
anticipated information about the X-ray source characteristics could be
extracted from the SF' instruments (limited X-ray data were ultimately
extracted from certain unpremediated physical effects, however). On the
other hand, it appeared that the effects instruments had operated with some
degree of success, despite the large incidence angles. In particular the
limited impulse data retrieved represented an important breakthrough, since
there was essentially none prior to SF' Nevertheless,

because of the limited source and flux characteristics information and the
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limited amount of the valid impulse data, it was decided by DASA that add.
tional X-ray input and effects measurements should be made under similay
high-yield, high-altitude conditions with essentially the same instrument,
used in SF', As a result, more instruments were fabricated, added to
those remaining from SF' and sent back to Johnston Island for inclusion in
Shot King Fish. In certain ways, notably the weapon characteristics and
environment, the conditions of King Fish were changed from"SF', however,
Thus, minor modifications of certain instruments were accomplished on the
basis of experiences gathered from the SF' event.

King Fish took place on 1 November 1962, Two pods instrumented for
X-ray measurements were carried aloft by the Thor missile and released
subsequent to main engine cutoff and prior to vernier engine cutoff such
that at burst time their slant ranges from the burst were intended to be 2.4
and 3.3 km. The burst occurred as planned but because of the
apparent failure of the pod recovery systems, none of the X-ray instrumenta.
tion was recovered,

Simultaneously with these activities, a very small program was carried
out to complement the Fish Bowl effects data with comparable
data. Several slightly modified SF'-type instruments were built and supplied
to Air Force Special Weapons Center (AFSWC) for inclusion in the sxperiment.
No Allied Research personnel were involved in the field program. Subsequently, the gages

were returned to Allied Research for data reduction and correlation.

17



PART 1 STAR FISH PRIME
CHAPTER 2

PROCEDURE

-

2.1 INSTRUMENT PODS

The instrument pods were designed and fabricated by General Dynamics/
Astronautics (GD/A). The design used was a modification of GD/A's existing
scientific passenger pod. As illustrated in Figure 2,1, the pod configuration
consists of a hemispherical nose, a cylindrical body section 31 inches in
diameter, and a base flare with a diameter of 46 inches. Ovhrall length was
approximately 80 inches, and total weight about 1200 pounds. The instru-
ments were positioned on the rear bulkhead of the pod, in an annular area
surrounding the recovery equipment. The flywheel, required to stabilize
the pod during the free-fall period before burst time, was mounted in the
nose of the pod. Also included in the pods were tracking transponders. Empty
spaces in the pod were filled with foam to provide bouyancy.

The recovery sequence began with the deployment of a drogue parachute
which was required for stability after the pod decelerated to a subsonic
velocity. This occurred at about 29,000 feet. The drogue parachute, upon
signal from the recovery sequence timer, deployed the main recovery
parachute at approximately 14, 000 feet. After water impact, recovery was
aided by dye marker, radio beacon, and a flotation balloon with a lifting strap
and loop to facilitate hooking by the retrieval vehicle. For instrumentation
design purposes the acceleration environment during powered flight was
assumed to consist of a peak steady-state acceleration of 20 g's and a super-
imposed vibratory load of a flat 20-g spectrum from 2000 to 30 cps and 0. 44- -
inch amplitude spectrum from 30 cps to 5 cps. Assumed re-entry deceleras
tions consisted of inputs from several effects. Aerodynamic drag during
re-entry was assumed to be 60 g's, drogue chute deployment was estimated
at 6-1/2 g's,and main chute deployment at 8-1/3 g's. These design values
were reasonably close to the levels recorded during certification tests which
were 40 g's, 10 g's,and 6 g's, respectively. Water impact, estimated to occur
at 80 ft/sec, was assumed to produce a 35-g, 3.6-millisecond impulse.

Axial and transverse vibrations, produced by aerodynamic oscillations and
buffeting, were also considered during reentry and lub'lequent deceleration.

A comprehensive series of proof tests was conducted on the pod and
associated components to insure satisfactory recovery. Structural integrity
was tested and verified at Stanford Research Institute by subjecting the pod
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to & series of impulse loadings produced by gas bag and sheet high explosive,
The magnitude of the loadings far exceeded the X-ray inputs anticipateq in
SF'. Airdrops were accomplished to test the drogue and recovery system,
Water recovery procedures were developed using a dummy pod. Culmimtin'
these tests was Tiger Fish, a complete certification test duplicating the
entire mission with the exception of the nuclear detonation (see Appendix A),
Successful flight recovery of the certification pods gave added confidence for

a successful experiment,

2.2 FLIGHT SEQUENCES

The following sequence of events was programmed. Thé three instrument
pods were affixed to a Thor missile in a nosedown attitude. A streamlined
shield, attached to the Thor, was placed snugly around the rear of the pods
to reduce aerodynamic pressures and heating of the pod instruments (gee
Figure 2.2). The pods were released (not ejected) from the missile at
different times after the main engine cutoff. This occurred at altitudes
above 125 km. Shortly after vernier engine cutoff, the warhead was separated
and the booster retro rockets fired. Warhead apogee was about 700 km.,
Stabilization of the pods was to be accomplished by use of a flywheel. After
descent of the to 400-km altitude, the burst occurred
(Figure 2. 3). Total yield was about 1. 3 Mt (Reference 10). The pods then
dropped to a much lower altitude where the main parachute opened, reducing
the water impact velocity to an estimated 80 ft/sec.

Since it was desired to know the range from burst to pods to an sccuracy
of + 5 percent, each pod carried a Cubic Corporation (CC) transponder. In’
addition PodS3 and the warhead carried Sandia Corporation (SC) trans-
ponders. The dual tracking systems in this pod were included to provide
burst to pod separation distances and a determination of SC and CC system
bias errors.

2.3 INSTRUMENTATION

The Star Fish experiment was concerned primarily with two aspects of
the weapon's X-ray emission. Of foremost interest was the investigation of
the induced blowoff and consequent impulse. In this category, experiments
were designed to observe the following: (1) blowoff behavior of metals with
widely ranging thermal and X -ray properties, (2) blowaff behavior of a
variety of R/V materials and plastics, (3) time duration of the induced
Pressure pulse and peak pressure, (4) induced temperature gradients in
several materials, and (5) induced spalling in laminated structures.
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The second important investigation was of the incident X-ray character-
istics themselves. The two experiments attempted were: (1) time-integrated
spectrum, (2) total incident X-ray energy.

A major consideration governing the choice of instruments was the
established time schedule. The limited time available dictated that only
those instruments which were already available or designed could be used.

In this respect the instrumentation development work performed for

proved invaluable (Reference 3). Active experiments requiring telemetry
or data storage were considered but were rejected for this experiment. This
was for two reasons. First, no active experiments were in a sufficiently
advanced state of development to have been adapted to the pod. Second, there
was insufficient time to develop electronics which could be expected to
function in the nuclear environment.

Following is a list of the Project 8B SF' instruments carried on the rear
bulkhead of the pods. Detailed information on each of these instruments is
presented in Sections 2. 3. 1 and 2. 3. 2. Figures 2. 4 to 2. 9 show the gage
arrays in the three pods; in addition, certain devices from other agencies

were included.

Instrument Number per pod
MK | Indenter 4
MK 2 Indenter 4
MK 3 Indenter 7
K-Edge Detector 2
R/V Compoaite 7
Plated Hole 2tol
Calorimeter 2to3
Metallurgy 10
Fracture 2

Each instrument was designed to have a minimum acceptance angle of
+ 15°  because this was believed to be the largest orientation error
possible if the pod gyros operated properly. This criterion turned out to
be unfortunate.

For instrument desi4n purposes the following fluxes and conditions

were asr umed:
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2.3, 1 X-Ray Effects Instruments.

Impulse Recorders. Three variations on one basic type bf impulse
recording gage were included in Star Fish., These are discussed
separately in the following sections., The basic gage consisted of four .
pistons resting in cylindrical barrels with conical ends pointing toward
an anvil. The pistons were held by restraining springs to prevent pre-
mature release due to vehicle-induced accelerations or vibrations. Upon
X-ray blowoff, an impulse was transmitted to the front face of each
piston. In the instances where this impulse was sufficient to overcome the
small retention force, the piston flew forward striking the anvil, The
volume of the indent which was formed in the anvil is a function of impact
energy. This in turn is a function of impulse, and therefore, the indent
is a measure of the impulse imparted to the sample.

The relationship between indent diameter in a lead anvil and the kinetic
energy of the indenter has been established by a series of calibrating
experiments at Allied Research. "Figure B. 2 in Appendix B presents the
results of the calibration for the particular gages used in Star Fish. The
range of energies covered includes those associated with the experiment,
Additional data gathered at the AFSWC Pulse Power Laboratory corroborates
the data shown in Figure B. 2.

Mark | Indenter Cage. The Mark | gage was designed to record the

impulse induced by metal biowoff. In general, impulses from the metals
were anticipated to be nigner than for the non-metallic samples included in
Star Fish (except for berv:l.im), on the order of

Because of the X-ray >pacity of these sample materials, the indenter
Piston and gage design shown in Figure 2. 11 was possible; piston parameters
Are given in Table 2. I. A thin cap of the sample material was affixed
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weakly to the face of the piston's aluminum shank, except in the case of
aluminum and magnesium where the entire piston-cap assembly was one
piece. Upon X-ray vaporization, the compressive wave generated within
the cap passed into the piston proper as a compressive wave. Multiple re-
flections occur at the cap-piston boundary, but it is easily shown (Section
3.3.1) that regardless of whether or not the cap remained on, the piston
would move forward with virtually all the blowoff momentum.

The cap thickness was kept thick enough to prevent transmitted X-rays
from heating the piston face above 100°C under the anticipated conditions,
yet as thin as was consistent with the foregoing criterion in order to max-
imize momentum transfer . It was felt that the piston might deform and
bind in the hole if allowed to heat appreciably higher than 100°C. The cap
thicknesses used are shown in Table 2.1 for the three pods of Star Fish
Prime. The retarding action of the restraining springs was corrected for
during data reduction and represented essentially no error in impulse
analysis,

One piston was solid magnesium rather than aluminum. This was done
rather than cap magnesium onto aluminum. The acoustic impedances were
such that momentum transfer characteristics would have been uncertain,
Although aluminum pistons were somewhat more desirable because of the
greater tensile strength involved, tests conducted at the AFSWC pulse facili-
ties indicated no problems would result by substituting magnesium.

Every sampl e metal in the Mark | gages was capped on two pistons. The
redundancy thus introduced lead to greater confidence in the data obtained.
Consequently, four Mark | gages were aboard each pod.

Because of the highly corrosive action of the salt air at Johnston, it was
believed imperative to surface-treat the magnesium and aluminum pistons
against this corrosion. Accordingly,a surface treatment was given all
pistons; the magnesium was coated with a Dow 17 dip, and the aluminum
was anodized. The effect of the treatments was to increase the sliding
friction of the shanks .n the holes, but the retardation effect was estimated
still to be virtually nil, primarily because of the large clearance between
piston and wall (about L. 06 inch on the diameter). Regardless, the deleteri-
ous consequences of not treating the pistons would probably have been
serious. Both magnesium and aluminum form very rough binding surfaces

quickly in the kind .f ~nvironment found at Johnston,
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An important feature of the gage was the floating anvil. That g, the
anvil was essentially isolated mechanically from the case in the axial direc.
tion. Had the pod itself received no impulse, then this sophistication would
have been unnecessary, However, any impulse-derived shock in the pod
might have obscured the recorded impulse to an unknown degree if the anyi
had been rigidly attached to the case, since the case was rigidly attacheq
to the pod. A very conservative calculation indicated that a rigidly attacheq
anvil might have reduced the relative piston-anvil velocity by 100 cm/gec
under extreme conditions. At the lower flux station this was an appreciable
fraction of the piston velocity. By allowing the anvil to float, this problem
was avoided. The various distances, times, and spring constants involveq
were such that the piston impacted while the anvil was free floating, yet the
relative case-anvil motion was stopped mechanically before trapping the
piston.

Mark 2 Indenter Gage. It was found that for a number of sample materials
a modified indenter gage and piston design was preferable to the Mark |

design. The principal reason was that, for certain non-metals, the anticipated
impulses would have been too low with the Mark | piston design to result in
adequate piston velocities. In addition, the arrangement of a weakly affixed
cap on a piston introduced unacceptable uncertainties into subsequent analysis,
simply because of the low acoustic impedances of these non-metals. The
momentum transfer from cap to piston would be a highly uncertain function

of pulse characteristics and dimensions. Also, these samples were com.
paratively transparent to the X-rayn and would have required cap thickneuu
on the order of the piston shank length.

Hence the Mark 2 design evolved from the Mark 1 to accommodate the
various requirements of six R/V and two plastic samples. Figure 2,12
illustrates the Mark 2 desiyn. The piston diameter was increased to increase
the total impulse while the ‘otal piston mass in most cases was less than the
Mark 1 design. The pistun was not solid, but relieved to a depth of 0, 200
or 0. 040 inch dependiny .n :ne sample material, The samples were then
inserted and glued into place as indicated by Figure 2,12, Table 2. 2 gives
certain Mk 2 piston parame‘ers,

There were several ¢ .im_elling reasons for this arrangement. First,
appreciable sample leng'rs avre necessary to prevent the piston shank
from heating excessiveiv - ~ven melting. Second, as already mentioned,
it was not advisable to atfix 'ne samples as caps. Hence, the obvious

arrangement was to insert 'ne samples into the hollowed piston, thereby
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gaining sample depth and avoiding other capping problems, A bonus feature
in several cases was the lightening of the piston weight,since some sample
densities were lower than those of the piston material,

The X-ray-induced temperature at the piston shell-sample interface
was calculated for each sample type using the anticipated X-ray characteristics
mentioned earlier, and in no instance was it greater than 2 0°c (see Table 2. 2).
Thus, problems associated with pistons exploding from internal vaporization
were avoided. There was some question about the peak blowoff pressure ef-
fect on the piston shell walls. The possibility of sufficient radial deforma-
tion resulting in binding of the piston in its hole existed. Fxtemive high-
impulse tests at the AFSWC Pulse Power Laboratory indicated that no
appreciable effect occurred. To reduce this possibility further, and to
avoid unwarranted blowoff effects from the piston shell, an aperture smaller
than the inside shell diameter was placed over the pistons. In this manner,
the cold strength of the shell material was preserved and inside wall heating
minimized.

Again, all piston shells were treated to prevent corrosion. Magnesium
shells were used at the two low flux stations because minimal piston weights
were very important there. Aluminum was preferable for strength zeasons, .
however, and was used at the high flux location,

Each material was repeated once except for the unpainted

and the painted samples -vhich were
each on three pistons. Despite favorable design characteristics of the
Mark 2 piston, the induced impulses were anticipated to be consistently
below those of the metal-capped pistons. Again the retarding action of the
restraining springs could be corrected for during data analysis.

The free-floating nature of the anvil was believed even more important
in the Mark 2 gage, since a number of piston velocities were expected to be
quite low, potentially on the order of the case velocity. It was necessary to
shift the anvil spring from inside the gage to outside because of the greater
diameter of the pisturs.

" A carbon disk was attached covering the front face of both the Mark 1
and Mark 2 indenter gages. This 1/4-inch shield was sufficiently thick to
prevent vaporization of the steel gage face at all three stations, The carbon
itself, on a theoretical basis, was calculated not to blowoff, so that no
impulse at all was expected to reach the case. Flared holes through the
carbon permitted the pistons to view the X-rays.
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Mark 3 Indenter Gage. A third variation in the basic indenter design wa,
included in Star Fish. It was necessitated because a certain few materialge.
R/V, plastic, and metal——were 50 transparent to X-rays that even the Mark 2
piston design was unsatisfactory. Had these materials been used in Mark
pistons, the shell-sample interface would have become dangerously hot, The
thicknesses of these transparent materials had to be, in general, over 3/ inch
at the Pod S1 range to keep the aluminum behind it below 100°C; in Some instance,
the sample thickness required was as great as an inch. In Table 2, 3 these
materials are listed together with the thicknesses necessary to keep the Aluminum
behind it below about 100°C under the X-ray conditions anticipgted,

The design of the Mark 3 is shown in Figure 2.13. The case design is
essentially the same as the Mark 2 except that a solid slab or disk of the sample
material, called the striker, compietely covered the front face of the gage and
pistons. The pistons were solid aluminum. Their shanks were slightly longer
than the face thickness so that each piston pressed against the striker with a
small pressure. In Table 2.3 the striker thicknesses used are shown, and it ig
evident that none of the piston faces were heated much above 100°c by the
transmitted X-ray flux. Because each striker sample covered all four pistons,
one entire gage was assigned to each material, Hence, there were seven Mark 3
gages in each pod.

The action of the striker plate arrangement is straightforward and has

been analyzed in numerous texts. The impulse was generated at the outside surface, and
the short pulsed compressive wave traveled through the plate to the sample-piston intertace.
Table 3.20 indicates that the acoustic impedance of all the striker samples except berylifum
is lower than that for aluminum. As a result, it can be shown that the incident

pulsed wave crossed the interface only once before separation of the piston from.
the striker. Also, from conservation of momentum considerations, it can be
shown that the momentum carried by the piston was greater than the initial
momentum imparted to the striker by the blowoff process (the striker attained

a reverse velocity). Or, the initial impulsive momentum was enhanced by a
factor which depends on the acoustic impedances. The relation defining this

enhancement factor, is:

22
Momentum Enhancement Factor = -z—fz—
1 2
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where Zz = acoustic impedance of aluminum piston
Zl = acoustic impedance of striker sample

The impulses anticipated for the Mkl materials ranged from zero to 10*
dyne-sec/ cmz. A very low impulse was arnticipated on a theoretical basis for
either carbon or beryllium at any of the three pod ranges.

Although the impulse was enhanced in most instances, such was not the
case for the beryllium or aluminum strikers. The acoustic impedance of
beryllium is slightly more than aluminum. No complication in analysis was
introduced thereby.

The aluminum pistons were all anodized to limit corrosion. No mag-
nesium pistons were used, because its acoustic impedance is only half that
of aluminum,

The anvil arrangement in the Mark 3 design was identical to the Mark 2,
80 that the anvil was free floating and unaffected by extraneous shocks. The
restraining springs pressing the pistons against the striker plate were
studied, and their effect on the piston velocity could be corrected for. One
piston was not in contact with the striker, being shorter than the front case
face. This piston served as a control.

A brief summary of the design diﬂoronén between the three types of

indenters is given below:

Indenter Design Differences

Mkl

1. Sample is a thin cap glue.d to piston
2. Anvil spring inside case
3. All pistons Al (except 2 solid Mg pistons per pod)

Mk2

1. Sample is a plug inserted into recessed piston
An aperture is in (ront of each sample

Anvil spring outside case

Piston shape ditferent from Mkl

All S2 and S) pistons Mg, all Sl pistons Al

bl ol ol o

- &

. Sample is large plate covering all pistons (striker)
2. All pistons solid Al

3. One piston in each case not in contact with striker
4. Anvil spring outeide case
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Indenter Design Verification. In checking the ability of the rutnmm‘

springs to retain the pistons under the missile acceleration and vibration
environment, the following test was performed. A spring Arrangement wag
devised which exerted a 20-g force on the piston to simulate a constant
acceleration.- With this spring in place, the instrument was subjected to
vibration inputs covering the following range; 20 g at 2000 to 30 cps, 0, 44.
inch amplitude at 30 to 5 cps. In order to minimise the piston velocity
reduction due to work done in deflecting the restraining spring, it was de-
sirable to choose the minimum size spring which just met the above require-
ments. The spring dimensions were experimentally determined through a
series of vibration tests.

In addition, extensive testing of the indenter gages was performed at
the AFSWC Pulse Power Facility which simulated impulses with the
characteristics expected in order to ascertain: (1) that neither the Mark 1
nor Mark 2 pistons would tumble in flight, (2) the proper piston clearance
to preclude binding in the hole, (3) the feasibility of the Mk2 sample-hollowed
piston configuration, and (4) the lower limit on velocity for reliable indents.
Satisfactory operation of the gages over a piston velocity range exceeding
that anticipated in Star Fish verified the gage designs.

Metallurgy Gage. The metallurgy experiment in Project 8B was designed
to utilise the known metallurgical characteristics of selected metals as
indicators of radiation-induced presure and temperature histories in the
exposed specimens. The experiment was designed in a joint effort of the
Physics Division of the Air Force Special Weapons Center and Allied
Research Associates. )

In experiencing an X-ray-induced impulse, a given material is subjected
to pressure and temperature transients. The structure of all known metals
is altered to some degree by changes in temperature and stress, and some
of these alterations are stable or at least metastable when the sample is
returned to a standard environment. Such alterations are phase changes,
order-disorder reactions, crystallographic changes, microstructure
changes, hardness changes, and composition changes. Changes metastahle
over a considerable period should permit analysis of the material some time
after exposure to the nuclear environment. The changes that were anticipated
in Star Fish fell in the category of metastable states with reasonably long
lifetimes,

A detailed discussion correlating these observable microstructural
transformations to the X-ray-induced thermal and peak pressure gradients
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can be found in Reference 12. It has been shown in that reference that under the
proper conditions the following data can be deduced from materials exposed
to a nuclear burst: (1) maximum temperatures and pressures, (2) temperature
aad pressure gradients, (3) duration of high-temperature conditions and
pressure pulses, and (4) interaction of temperature and pressure effects.

The Star Fish metallurgy instrument was designed to capitalize on these
potential effects and is presented in Figure 2. 14. The instrument consists
of a 2024-T4 aluminum housing with a 2-3/4-inch flange to attach the instru-
ment to the pod bulkhead. The metallurgy specimen, mounted in an aperture
in the instrument face, was exposed to the nuclear detonation. In order to
‘reduce extraneous effects derived from reflection of the pressure pulse from
the sides and back of the metallurgy samiples, these surfaces were protected
by machined and lapped mating surfaces of the same material. This permitted
the shock wave to travel through the mating edges into the surrounding
material. The edge of the sample was protected by a spall ring, the rear of
the sample by a spall plate. The assembly of sample and spall units was
held in place in the face of the instrument, with only the sample exposed to
the nuclear detonation, by the stafoam shock absorber. A spall ring shield
prevented impingement of X-radiation on the spall ring. The expected
mechanical operation of the instrument was as follows. The impulse derived
from the X-ray blowoff imparts a velocity to the metallurgy sample and spall
plate, causing them to move toward the rear of the instrument. These pieces
are gently decelerated by the gradual crushing of the stafoam shock-
absorber, thus preventing any damage to the sample by impact with the rear
of the case. The sample is then retained in the instrument housing, because
the base diameter of the sample is greater than the hole diameter of the
spall ring shield.

During the month of March 1962, representatives of AFSWC and Allied
Research met with several authorities in the metallurgical field in order
to discuss aspects of the experiment design, calibration, and post-shot
analysis, in order to maximize the amount of usable data to be obtained from
the Fish Bowl experiment, In support of these experiments a series of
calibration tests using HE charges to simulate the environmental pressure
loadings were scheduled at the Colorado School of Mines by Dr. John Reinhart.

Because of tneir particularly desirable characteristics, the following
materials were selected for metallurgical specimens; (1) naval brass,
(2) 550°C brass, (3) 150°C brass, (4) 1095 steel, martensitic structure,
(5) fine-grained molybdenum, (6) austenitic (321) stainless steel, (7) LASL



FeNi alloy, (8) Armco iron, and (9) Alnico. In addition, in order to pProtect
the original substrate of material from being blown off, an additiona] 1095
sample coated with a thin film of lead (Pb-1095) was included. Hence, there
was a total of 10 metallurgy instruments per pod.

To insure that the proper references were retained from which metallurgicu
changes could later be measured, AFSWC provided control samples of each
metallurgy sample which was machined in their shop. In addition, AFSWC
controlled the chemistry of these materials via special heats and subsequent
analysis of these heats prior to accepting the materials.

The metallurgy instrument, like the other instruments intgnded for the
Fish Bowl experiment, was subjected to a thorough series of laboratory tests
to prove its mechanical integrity. The stafoam shock absorber was selected
as a result of a series of drop tests in which the heights of fall and the mags
of the weight were chosen to simulate the kinetic energy predicted from the
X-ray-induced impulse. The entire instrument was subjected to a series of
vibration tests, in which a vibration input of 20 g's from 2000 to 30 cps and
0. 44-inch amplitude from 30 to 5 cps was applied both axially and transversely
to the instrument, with no mechanical difficulties being observed.

Reentry Vehicle (R/V) Material Gage. The purpose of the R/V experiment
was to obtain information from which the effect of X-ray-induced impulses
on various reentry vehicle structures could be evaluated.
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In the Project 8B R/V experiments, flat plate samples of actual reentry
vehicle structures were used. In order that the effects of the nuclear detona-
tion on the specimen be the same as on the actual reentry vehicle structure,
it was necessary that the propagation of the wave simulate the 2-dimensional
case as closely as possible. This was achieved where possible by utilizing
a specimen having a relatively large diameter to thickness ratio (see Figure
2.15). Also, the specimen was mounted as freely as possible, using spring-
loaded detents, in order to preclude shock wave distortions caused by
supporting structures. Following the impulse, the R/V sample was driven free
of the detents. In the short duration of free flight which followed, the shock
wave was able to complete many traversals of the sample. The sample then
impacted into a crushable foam which absorbed the kinetic energy of the
sample.

Table 2. 4 presents the R/V samples included in the SF' experiment. One
of each sample was tested at each station, yielding a total of seven R/V
instruments per pod. All samples were !. 50 inches in diamaeter.

The R/V sample was held centered in the face of the instrument by a thin
flange on the case which contacted the front shoulder of the sample. A 1/4-
inch carbon shield protected the front face of the case and prevented any
X-ray blowoff,

Laboratory tests of the R/V instrument were conducted in order to prove
the feasibility of the spring-loaded detents. A replica of the instrument was
constructed and a representative R/V sample fitted. This instrument was
subjected to an impact scaled to simulate the X-ray-induced impulse. The
action of the detents was observed and adjusted until the desired behavior
was obtained. Vibration tests of the instrument, using an auxiliary spring
pressing on the R/V sample to simulate a steady 20-g acceleration, were
also conducted. The vibration spectrum chosen consisted of a 20-g intensity
from 2000 cps to 30 cps, and 0. 44 amplitude from 30 cps to 5 cps. Both
axial and transverse acceleration inputs were checked. Successful completion
of these laboratory tests helped insure proper functioning of the R/V composite
instrument in the Star Fish experiment. In addition the capability of the

30



stafoam to absorb the anticipated kinetic energy of the sample was
confirmed.

Fracture Gage. The fracture gage was designed to give information
about the shape of the blowoff pulse: in particular, its duration and peak
amplitude. Thus, it was different from the other §ages used in the experi-
ment, for they were designed to measure quantities integrated over the
entire pulse. A gage of this kind was used in Ope:ation Hardtack and was
later analyzed to give data consistent with other results of that experiment
(Reference 1).

The gage, in brief, consists of a lucite cylinder, on one epd of which was
glued 3 small metallic button (see Figure 2, 16). The button is designed to
blow off upon exposure to the X-ray flux, thus creating a compressive stress
pulse which is transmitted through the metal and into the lucite cylinder.
Since the diameter of the button is small by comparison with the diameter of
the lucite, one can idealize the loading of the cylinder by considering it a
point impulsive load applied at the center of the end of the cylinder. Asa
result of this load, a spherical stress Pulse propagates into the lucite. This
compressive stress gives rise on reflection to a tensile wave and a shear
wave. Subsequently, the stress pattern in the cylinder becomes more and
more complicated because of the cascading reflections. However, the gage
is designed so that only the tensile waves produced during the initial reflec-
tion need be treated.

When the tensile stress at some point in the lucite exceeds the fracture

mtrength of the material then a crack is initiated.
This crack should grow at a known rate until the stress
drops below a certain value By studying the fracture

pattern in the lucite, an estimate of the duration and peak of the initial blow-
off pulse can be made. The details of this subject are given in Reference 13,
and it will suffice here to mention the simplest kinds of fracture one can
observe. The simplest fracture is the,disk-like fracture, parallel to the end
of the cylinder, which is caused by the tensile wave produced when the
incident compression reaches the end of the cylinder. It is this fracture
which, if it extends to the boundary of the cylinder, causes the end to spall,
Another possible fracture has the form of a roughly cylindrical surface coaxial
with the cylinder and near the front face. This is due to tensile waves re-
flected from the sides of the cylinder. Also, at the end of the cylinder, a
conical fracture may be observed which is due to the superposition of waves
from the sides and the end. In order for these effects to occur as described,
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it is necessary that the cylinder be shock isolated. To this end the gage was
supported by O-rings in an aluminum housing.

The gages used in this experiment were designed to satisfy the criterion
that a fracture would be produced when the stress wave is reflected from the
end of the cylinder. With a given impulse, this criterion establishes a maxi-
mum length for the lucite cylinder. In each case, there was a second cylinder
whose length was arbitrarily chosen to be twice this length. This, of course,
extended the dynamic range of the instrumentation.

At each of the three pod ranges, anticipated impulses and melt depths
were calculated for a variety of materials. In every case, it was desirable
to have the button as thin as possible, for this reduces the distortion c¢f the
stress pulse as it passes from the button into the lucite. As an arbitrary
safety criterion, it was assumed that each button would have a thickness three
times the depth of melt. Button materials were chosen such that the predicted
peak stress transmitted to the lucite cylinder would be roughly the same at
each pod. The buttons all had a radius of 0. 140 inch. The cylinder length
which would just produce an end fracture was then computed, taking into
account the inverse variation of the stress amplitude with distance in a
spherical wave. This length was 0. 445 in. On each pod, there was a
second cylinder whose length was 0, 890 inch. A summary of pertinent gage
parameters is given in Table 2, 5.

2.3.2 Source Parameter Instruments, The three instruments discussed
below were intended to function diagnostically, that is, the characteristics of
the X-ray flux incident on the pods at each location were to be observed and
recorded. One instrument was designed to measure the time and opcct;al
integrated X-ray {lux at each pod. The two other instruments were concerned

with resolving the spectral shape of the flux,
Carbon Calnrimeter. This instrument was based on the calorimetric

principle of measuring a final equilibrium temperature of a heated material

and therefrom deducing the absorbed energy. Because of the environmental

and experimental dufficulties associated with nuclear bursts, however, inter-

priution of the gage would depend upon the successful application of certain

corrections. Nevertheless, this gage represented the only approach developed

that could have directly measured the total X-ray energy with a passive detector

(It was possible to determine part of the total flux by other methods, however. )
The device was simply a carbon disk sufficiently thick to absorb most of

the incident X-ray energy, yet thin enough to permit an appreciable final

equilibrium temperature. A drawing of the device is given in Figure 2. 17.
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The carbon block was thermally insulated on all sides but that exposed to the
X-rays. If no material were to evaporate after exposure, and there were no
reradiation losses, then all the energy absorbed would go into determining
the final equilibrium temperature. In fact, however, a significant fraction
of the X-ray energy may be reradiated,and a certain amount of carbon may
evaporate, thus physically removing some absorbed energy. As a result,
the two energy-removing processes would have to be corrected for during
data analysis to properly interpret the data.

Referring to the drawing, Figure 2.17, a few points should be explained.
The disk closest to the aperture is the calorimeter; the other two immediately
behind are combination X-ray attenuators and insulators. The insulating mitten
around the first two disks served a double purpose: to reduce radial con-
duction losses and to keep the rear of the calorimeter watertight. A novel
modification of the original design (see Reference 1) was in using pyrolytic graphite
instead of conventional graphite for the calorimetric disk (as well as the
others). The pyrographite, which is highly conductive in two directions,
was cut into disk form such that one of the highly conductive axes was through
the disk. This orientation meant that axial temperature equilibrium would
be approached at a much greater rate than would have been the case with
conventional graphite. The benefit of this rate enhancement is that reradia-
tion losses are abbreviated somewhat because the heat is conducted rearward
quickly, The conduction in the "a" axis direction is as high as that of copper.

The second disk, which was pressed against the rear of the calorimetric
disk was also pyrographite but cut such that the highly insulating "c" axis
was parallel to the center axis. Thus, this disk acts as an insulator in that
direction, and little conduction through the back of the calorimeter occurs.
More conventional insulation was not used, because it was feared that the
X-ray transparency of the first disk would be high enough to allow most
insulators to melt.

The tempénture-recording elements consisted of eighteen small holes
drilled into the rear of the calorimetric disk and partially filled withtempera-
ture-sensitive crayons. These crayons undergo permanent color changes
waen their temperatures reach certain critical points. The holes were not
uniformly spaced around the perimeter of the disk, but rather were clustered
at opposite ends of a diameter corresponding to the second "a" axis (highly
conducting direction). Also, the holes were positioned to avoid the X-ray

flux up to an incidence angle of 15°.
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Tests conducted at Allied Research demonstrated that the colors of the
paints were not affected by salt water attack. This result applied equally to
changed and unchanged paints. The paints used allowed temperature interval
of 10 to 20 percent between color change points. The estimated equilibrium
temperatures associated with the design illustrated indicated that coverage
from 65° to 600°C would provide sufficient dynamic range. Careful coding
of the paints was accomplished and color photographs of their initial state
taken.

Two of these calorimeters were flown in each of the two outer pods, S2
and S3. It was expected that the lowest flux station would require the least
subsequent data correction, because the temperatures involved would be
lower,and consequently, would be re-radiation and evaporation effects,
Although the interpretability of this gage in Pod 81 was considered extrem
poor, nevertheless it was decided to include the gage there with the thought
that it might give additional quantitative information on the corrections to be
applied to the other calorimeters. An additional calorimeter was flown on
Pod 83 but was shielded against X-rays to provide a check on any non-
X-ray, thermal background.

Careful measurements on each calorinmstric disk thickness and weight
were made beforehand to allow determination of the evaporation of the
front surface,

A carbon (conventional graphite) shield covered the face of the gage case.
This was designed to prevent the aluminum case from vaporizing and perhaps
diffusing in front of the aperture, thus attenuating the total X-radiation reach
ing the calorimeter.

K-Edge Gage. The K-edge instruments were designed to provide data on
the X-ray spectrum of a nuclear detonation. These instruments originally
were designed and used by Stanford Research Institute (SRI) in’ Th
similar designs for the Project 8B K-edge instruments evolved througn
consultation between SRI and Allied Research based on the previous designs
for (Reference 14).

This instrument attempts to measure the time integrated intensity of the
incident X-ray flux as a function of wavelength. It consists of an aggegrate of
filter -detector pairs which all view the X-rays simultaneously, The filters
are all different from one another, consisting of materials with
K-edges progressing from Consequently, the transmitted spectrur
through a given filter is greatly modified according to the position of the K-
edge (Figure 2. 18) and is unlike that transmitted through any other filter,



The other component of this device is the detector on which a record of i
energy passed by the filter is made. The detector itself has an inherent
wavelength sensitivity which influences the resolution of the instrument, The
detector component consists of a stack of foils which are altcrnatoly Plastic,
"metal", plastic, etc. The "metal" foil is one of several materials, which
depends upon anticipated source characteristics. The energy density within
a given metal-plastic pair required to cause physical sticking of that Pair hag
been determined (about 100 cal/gm). It is this effect that is used to determine
the energy transmitted by the filter.

The analysis of the gage depends on the fact that each filter-detector
channel represents an independent view of the spectrum within the
kev region. Since there are essentially seven independent channels, values
of the spectral intensity of seven different wavelengths can be obtained, A
complete discussion of the techniques used can be found in Reference 14,

Figure 2.19 is a detailed drawing or the detector channels mounted in the
gage cylindrical container which was designed to be bolted to the face plate of
the pod. One channel position is empty for purposes of illustration.

Each detector stack was mounted in a cartridge and backed by a carbon
plug and metal spacers. The rear end of each cartridge had short slots
permitting the edge to be bent, holding the stack, carbon plug, and metal
spacers in place in the cartridge. The front end of each cartridge had a
circular window to permit X-radiation to fall on the detector stack. An air
escape slot in the side of each cartridge permitted equalization of air pressure,
Each detector cartridge was a self-contained, interchangeable unit.

Each filter was held in place by a carbon insert and a channel cylinder.
After the filter, carbon insert, channel cylinder, and detector cartridge were
placed in the hole provided in the gage cylinder container, the whole channel
assembly was fixed in position by a metal plug. The carbon insert was in-
cluded to prevent excessive vaporization of metallic material by X-ray absorp-
tion. The carbon in the detector cartridges was to prevent similar undesired
blowoff effects.
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The X-ray flux produces heat in the metal foil of the detector which has
two components, Q the heat generated by absorption of X-radiation whose
photon energy is llightly below the K-edge, and Q the heat gencuted by
X -radiation with photon energy above theK-edge. The channels were desig
to havrQ »Q and also the parameters are such that Q + Q exceeds the
heat "‘luu'ed Ior sticking at the entrance end of the detcctor ltack-

Some of the channel parameters used are given in Tables 2.6, 2. 7, and
2.8. Fourteen channels were in each pod, seven in each of two gages. The
filter element and thickness are listed for each channel. The quantities Qs
and Qn at the entrance end of the detector were calculated for possible cevice
temperatures of assuming a Planck spectrum. For
optimal operation of a channel it was necessary that Q >100 cal/gm and Q < 100
cal/gm,

Channel 14 in each pod was designed to have Q + Q less than the sticking
value. This provided a check against spurious huting ot!ectl

Channels 8, 9, and 10 in each pod used carbon filters. These were not
K-edge channels but operated on much the same principle as the plated hole
gage discussed below. The reasons for this inclusion among the K-edge channels
were the expectation of greater structural strength in the filter and the useful
redundancy in data provided by the similarity to the plated hole gage.

Plated Hole Instrument. The plated hole gage evolved from an instrument
first designed for the experiment and discussed in detail in Ref-
erence 3. The design utilized for SF' was in principle the same as its pred-
ecessor, but somewhat modified physically. A working drawing of the SF'

ned

plated hole gage is shown in Figure 2, 20. Its purpose was to determine the
spectral characteristics of the incident X-ray flux,

The inside cavity was vacuum plated with one of three metals —chromium,
lead, or gold. The plating thickness was not critical and did not have to be
known in view of the thicknesses involved, that is, the X-ray-induced energy
density drop across the plating is negligible because the plating is so thin,

The explanation of the theoretical aspects of this instrument has been
given in Reference 3 and need not be repeated in detail here.  Qualitatively, what
was expacted to occur is the following, X-rays penetrate the carbon and
are attenuated selectively with respect to wavelength. Having traveled a
given distance through the carbon, the flux impinging on the metal layer is
modified both in intensity and spectral shape. The degree of modification
depends not only on wavelength but also on depth traversed through the carbon.
It is obvious that the energy density within the metal plating should diminish
monotonically as one travels toward the rear. Consequently, at the flux
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levels anticipated in SF', the metal should vaporize to a certain distance
(going in a rearward direction), meit to a greater distance, and be simply
heated beyond the melt-solid boundary. In addition, because chrome: plat-
ing was used, another transition depth due to a crystalline change could occur
in the plating. Hence, at least two, and perhaps more, observable phenomen,
mi;ht be related to linear distance on this device—vapor-melt boundary,
melt-solid boundary, and heat-induced crystalline transition boundaries,

The different boundary positions are determined by appropriate visual or
metallurgical techniques. From these, two or possibly more points on an
energy density against linear depth diagram can be uniquely determined.

The energy densities associated with each thermal transitioh are known with
good accuracy for the metals under consideration., By a process similar

to that outlined in Section 3. 2. 4, the X-ray source spectrum and energy
best predicting the observed phase transition depths can be determined.

Clearly, the greater the number of independent phase transition depths
obtained, the more definitively the spectral shape is determined. Hence,
three metals were used in two of the three pods. Nevertheless, information
on the spectral shape below about 5 kev is esse atially unobtainable from this
gage. Sulfur, which has a K-edge absorption coefficient discontinuity below
that of chromium, was plated on the rear carbon disk in an attempt to extend
the working limit of the gage below 5 kev. l

A variety of metals were tested for salt water corrosion during the
developmental phase of Project 8B. Salt water immersion of the plating
was unavoidable with this instrument, thus making it necessary to use metals
highly corrosion resistant.

Gold, lead, and chrome platings were among the very few that survived
salt water attack. Sulfur, too, was satisfactory.

Pyrolytic carbon was used as the X -ray-absorbing material because of
its high conductivity radially (the "a'" axes were parallel to the disk surface).
This feature permits more rapid cooling of the metal film than would occur
with conventional graphite. The advantage of this lies in the reduction of:

(1) diffusion of the plating into the carbon, (2) carbide -producing reactions,
and (3) evaporation. Because of the differences in the thermal character-
istice and X-ray absorption coefficients, the carbon at the carbon-metal
interface is considerably cooler than the metal, as much as an order of
magnitude cooler in places. Thus, extremely rapid conductive cooling of
the very thin metal plate could be expected. Carbon was selected over other
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materials, because blowoff of carbon was estimated to be nil. Plastics,
under Star Fish conditions, would have vaporized badly,

Visual examination of the type of pyrographite supplied for use in the gages
indicated what appeared to be strong density variations across the plane of
the 3ample. A density mapping of large areas using high-resolution X-ray
techniques showed, however, that the maximum local variations in density
across the area was considerably less than 1 percent (Reference 15).

As with other instruments, the face of this gage was protected from
induced blowoff by a carbon shield. Similarly, the rear internal carbon disks

protected the metal case from the transmitted X-rays.

2.3.3 Correlation Instruments. It was believed that data

correlating the SF' phe::mena with those occuring under the
' would be extremely valuable. Accord-
ingly the decision was made by AFSWC to include several of the X-ray-effects-
measuring instruments designed for the SF' event in the
No SF' diagnostic gages were used,inasmuch as this aspect of
the experiment had extensive coverage already.

Three fracture gages and three indenter gages were fabricated and delivered
to AFSWC in April 1962. The designs were essentially those discussed for
SF' in Section 2, 3. 1, the modifications being in the cases and certain dimen-
sions in order to accommodate the design to the catchers and
the somewhat different flux levels.

Fracture Gage. A discussion of the theory and design of this gage has
been presented in Section 2. 3. 1., Three of these gages were packaged in one
cylindrical container and were identical except that the lucite cylinder lengths
ranged from . 445 to . 890 «nch. Each cylinder had a zinc button . 007 inch
thick exposed to the X-rays. The package of 3 gages was positioned at Station
B3, a high-temperature. .. s-flux-level station

The entire assembly is shown broken down in Figure 2. 21,

MK 1 Indenter Gage An extensive discussion of this gage can be found in

Section 2. 3.1, Thel version remained virtually identical to the
SF' design except that the {lange was removed from the case and skates sub-
mitted (see Figures 2. 22 und 2. 25) so that the entire gage could slide inside
the catcher. This indenter was stationed at B3

and the sample caps were: (1) aluminum, (2) 321 stainless steel,
{3) gold, (4) ARMCO 1ron i
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Mk 2 Indenter Gage. Similarly, this instrument has been treated in
Section 2. 3. 1. Two changes were introduced into the

design;
(1) the case flange was removed and skates substituted (Figures 2, 23 apnq

2. 25) enabling the gage to slide in its catcher,and (2) the anvil spring wag
moved inside as in the Mk 1 arrangement. This gage was stationed at T,
and the sample slugs were:

Mk 3 Indenter Gage. This gage was virtually identical with its SF!
ge. gag counter.

part, which has been discussed in Section 2, 3. 1. The changes were the
removal of the mounting flange and the addition of skates (Figures 2, 24 anq

2. 25) and the placing of the anvil spring inside the housing. It was stationed
at T?* The aluminum striker was ¢.03;
inch thick. Unlike the corresponding SF' gage, there was no control piston,

39



TABLE 2.1 MK 1 PISTON DESIGN PARAMETERS

Pod Cap g:glity Cap Piston Shank
No. Material Thickness Material Length
gm/cm” inch inch
s1 Mg 1.74 - Mg 0. 25
Al 2,70 - Al 0. 25
Fe 7. 87 0.0l Al 0. 24
Cu 8. 96 0.0l Al 0. 24
Zn 7. 14 0. 01 Al 0. 24
Sn 7.30 0.0l Al 0. 24
Au 19. 30 0.01 Al 0. 24
S2 Mg 1. 74 T Mg 0. 25
Al 2.70 - Al 0. 25
Fe 7.87 0,0l Al 0. 24
Cu 8. 96 0.0l Al 0. 24
Zn 7. 14 0.01 Al 0. 24
Sn 7. 30 0. 01 Al 0. 24
Au 19. 30 0.0l Al 0. 24
s3 Mg 1. 74 - Mg 0. 25
Al .70 - Al 0.25 °
Fe ‘ 7.87 0.0l Al 0, 24
Cu 8. 96 0. 01 Al 0. 24
Zn 7. 14 0. 01 . Al 0. 24
Sn 7. 30 0.01 Al 0. 24
Au 19. 30 0.01 Al 0. 24

\Prages HI i 43cllited.



TABLE 2.5 FRACTURE GAGE PARAMETERS

Pod S2

Pod Sl Pod S3
Button material Aluminum Magnesium Zinc
Button thickness(cm) | 6.6 x 10°2 7.2x107% 1.7x 10"
Button radius (cm) 0. 36 0. 36 0. 36
Anticipated peak
transmitted stress
(dynes/cm¥)
Lucite cylinder (a) . 445 (a) 445\ (a) . 445
length (inch) (b) . 890 (b) . 890 (b) .890
TABLE 2.6 K-EDGE DETECTOR PARAMETERS, PODS3

' .
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CHAPTER 3
RESULTS AND DISCUSSION

The three instrumented pods from Star Fish Prime were recovered and
returned to Johnston Island by H+9 hours. D-day was 8 July 1962 and H-hour
was 2300; detonation date and time in world (Zulu) time were 9 July, 090009.
0290 hours. All Project 8B instruments were intact. It was found that the
radioactivity levels of the pods were low enough to permit removal of the
instruments without resorting to remote handling, The highest radiation
level at H+9 hours was 2000 mr/hr at the surface of the rear bulkhead of
Pod S2.

X-ray effects were immaediately obvious on the three Project 8B pods.
However, on only two pods were the.instruments exposed to the X-ray flux;
the Pod S1 orientation was such that the contained instruments had been
completely shadowed. Determination of the unexpectedly large misorientations
of Pods 82 and 83 was possible to within a degree or better. All instru-
ments were removed within four hours of return. Figure 3.1 shows S3 upon
recovery; the other two pods appeared in similar condition,

By H+36 hours, all gages had been disassembled, rinsed carefully in
fresh water,and sorted for subsequent inspection. Beginning on D+2,preliminary
examination of each element was undertaken and reported in the Project 8B
POIR. The considerably more extensive study of the instruments accomplished
in the ensuing data reduction program at Allied Research lead to the results
presented in this chapter.

3.1 FLIGHT CONDITIONS
3.1.1 Trajectory and Burst Data.

At the time of misaile lUt-off, it was reported that the gyro motor in Pod
S1 had attained a speed of about 3600 rpm instead of the design speed of 5700 rpm.
All indications are that this pod tumbled after separation. As far as is known
the gyro motors in Pods S2 and S3 reached and maintained their intended speeds.
Nevertheless, the gyros failed to limit the pods' precession.

The trajectories of missile and pods were close to those planned as were
the ejection and burst sequences. Reentry, parachute deployment, and re-
covery events were satisfactory,

‘From tracking data, the burst position, positions of the pods, and their
slant ranges to the burst have been determined accurately (Reference 18). These



djn are presented in Table 3. 1 using the Bravo coordinate system. The
Bravo reference system employs x and y distances along a plane tangent to
earth at Point John on Johnston Island. The altitude, z coordinate, is the
distance above the tangent plane.

Also in Table 3.1 is presented a summary of various burst time data;
Figure 3. 2 illustrates the pod-burst positions,

3.1.2 Pod Orientations.

Inspection of the Pods S2 and S3 revealed X-ray shadows cast by various
projections. The image edges were exceedingly sharp, particularly in the
case of shadows cast by metallic projections, thus permitting aqcurate
measurements of the angle of incidence of the X-ray flux. In the case of
Pod 81, it was apparent that its orientation was such that only the side and nose
were illuminated, the instruments on the aft bulkhead being completely
shadowed.

Two types of pod orientation measurements were made. A plane called
the burst plane is formed by the longitudinal axis of the pod and the nuclear
detonation (see Figure 3. 3). The angle measured in this plane between the
longitudinal pod axis and the burst is the off-axis angle, 6. It is zero fora
directly tail-on orientation and 180° for a noss-on orientation. This angle
was determined by measuring the shadow length and the height of the object
casting the shadow. On Pods S2 and 83  such items as the Thor attach-
ment fittings and the Mark 3 indenter striker plates furnished good references
for this measurement.

The other orientation angle of interest is the roll attitude of the pod.
This is the angle, ¢, measured in the plane of the instrument bulkhead
between the burst plane and the YY pod axis, the latter being defined as
passing through the pod umbilical fitting, Positive roll angles are defined
as measured clockwise from the YY axis when looking at the instrument
bulkhead. As before, the shadows produced by the cylindrical instruments
protruding above the rear bulichead were used to determine the roll angle.

The off-axis angle for Sl could not be accurately determined, because
none of the protruding fittings were exposed. It is possible, however, to
estimate a lower bound for the offaxis angle. Since no shadows or evidence
of any X-ray impingement on rear bulkhead fittings was found, it was
necessary to use the shadowing produced by the X-rays on the cylindrical
portion of the pod as a basis for the roll measurement. Because these
shadows were also sharp and distinct, an accurate measurement was pos-
sible. This angle and other measurements are presented in Table 3. 1.



3.2 SPECTRAL GAGES AND DATA

3. 2.1 Introduction, There were three types of instruments in the SF'
pods designed specifically to obtain information on the X-ray flux character-
istice; the carbon calorimeter for measuring total energy, the plated hole
for determining the spectral shape, and SRI's K-.edge detector which also
was to record spectral characteristics, Because of the misorientation of the
pods, however, these instruments either failed to view the flux at all, or
else failed to operate correctly, Fortunately, other experimental data and
theoretical calculations are available which allow a reasonable estimate of
the X-ray flux and radiating temperature to be made.

Reference 10 gives results of a two-dimensional, radiation-hydrodynamic

code calculation of the weapon output.

Results of X-ray diagnostic experiments are reported in Reference 31. These
data support the theoretical calculations within fairly broad limits, although
indicating a slightly lower flux. While not required in this report, an estimate
has been made of the flux and effective radiating temperature as seen by

the pods. Since it is the author's judgment that the code calculations are
probably an upper limit on the flux, has been chosen as the effective

yield.
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Using the effective yield of and the pod ranges from Table 3, 1,

one finds the free-field flux at the three pods to be:

81

Sz

S3
Placing. objective limits on the accuracy of these numbers is not possible, but
the problem has been comideud,a..nd the authors believe the effective yield
is unlikely to be in error by more than + 20%.

Although the diagnostic instruments failed, the X-ray flux produced
effects which are a function of the total flux and its spectrum. These
effects are melting of materials to varioulv depths when the melted material
is shielded by varying thicknesses of X-ray attenuators. In principle, a
sufficient amount of such data would allow the flux and spectrum to be deter-
mined, In practice, this is usually not the case for several reasons. The
spectrum is complicated,and there is psually insufficient nonredundant data
to obtain much resolution in the unfolding. The basic data have errors which
will appear as errors in the unfolded spectrum and, along with other problems,
make it difficult to show that the spectrum is unique. The melt or heating

effects may be insensitive to parts of the spectrum, e. g., the high-and low-
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energy tails, There are uncertainties in the thermodynamic properties of the
materials and in their response under very short heating imlun: also, the
presence of X-ray-induced shock waves can conceivably affect the results.

All of the above problems were present in the analysis of the pod melt
data and have made it impossible to make a useful unfolding of the spectrum,
The data are consistent with the total flux values given. At the time the
analysis was made, the effect of the iron in the weapon case was not realized
and this was not taken into account. A reanalysis using this information would
perhaps give more useful results. The following sections present all the melt
data but do not go into its analysis. It is hoped that this will be done in a
later report if more useful results can be obtained.

3.2.2 Raw Physical Data, The X-ray effects studied were the following:
(1) melt depths produced in steel, (2) melt depths produced in aluminum, (3)

" variation of melt depth produced in aluminum as a function of a preceding
filter thickness, and (4) variation of melt depth produced in steel as a function
of a preceding filter thickness. Data in §nch of these categories were obtained
from both Pods 82 and S3. It can be shown that item (2) and item (3) lead
to redundant information; the resulting three types of data from the two pods
yield six independent views of the X-ray flux.

The physical effects arose, it is interesting to note, because the pods
were tilted, and would not have occurred had proper orientation been achieved.
Also, the particular tilt angles :nvolved (v 42°) werefortunate in that from
the standpoint of data reduction accuracy the tilts were optimal. Reference
to Figures 3.4, 3.5, and ). | will illustrate how the effects were produced
by the obliquely impinging X--vs, In Figure 3.4 (A) the X-rays are shown

penetrating the edge of a str:ker plate attached to the Mk 3 indenter gage.
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The distance traveled through the striker before reaching the steel caqe varied
from zero at the case edge to some maximum distance determined by the strike
thickness. At the outer edge of the steel case, unprotected by the striker, the
flux was sufficiently intense to produce melting and vaporization, However, 3¢
some distance in from the edge the flux fell to an intensity which was jugt in.
sufficient to produce any melting at all. This distance clearly was determineq
by the X-ray absorption characteristics of the striker and steel case, and the
thermal parameters of the steel. The crescent-shaped region on t“he top surface
of the case wherein surface melting occurrad is clearly defined in Figure 3.4 (B),
The remaining surface area was heated more or less but not melted. Since
there were evven different striker materials, each case showed a crescent
area of different dimensions. From Pod 82, five cases had crescents wide
enough to permit study, whereas from the Pod S3 only three were deemed useful,

A similar situation, illustrated in Figure 3.5 (A), existed for the carbon-
covered aluminum R/V gages. Here, instead of dealing with the crescent area
around the outside of the case, the surface melting produced under the carbon
shield around the center hole was studied. Just as with the crescents on the
Mk 3 cases, the R/V case crescents are simply the region in which the X-ray
flux, having traversed the carbon shield, was still of sufficient intensity to
cause surface melting of the aluminum, Figure 3.5 (B) presents a photograph
of a representative R/V gage face and shows the crescents clearly.

A third and somewhat less important situation in terms of data acquired
resulted from X-ray impingment of the Mk 1 aluminum pistons, both solid and

capped. These piston data merely supplemented those obtained from the S3

R/V gage crescents just discussed. From the two aluminum pistons it was possible to
measure aluminum melt depth. Figure 3.11 shows the Mk 1 piston-case arrangement
at the moment of X-ray exposure.
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3. 2,3 Data Extraction,

Mk 3 Case Crescents.

The single most valuable source of data was the Mk 3 steel case crescent.
The measurement of interest was the width of the crescent, or more precisely,
the width at which maelting of the steel case ceased; in general the two were
virtually identical, the problem lying in identifying the exact positions. It is
interesting to note that the width of the crescent is the same everywhere if
measured parallel to the direction of the X-ray flux (see sketch). Consequently,
it was possible to determine the crescent width anywhers on the crescent,
although the position of least error clearly is found dead centhr, From the
crescent width measurement, the corresponding striker distance penetrated
by the flux can be calculated.

SKETCH OF MK 3 CASE CRESCENT

The technique used for determining the position where surface melting
ceased was the following, A wedge-shaped section was cut {rom the case
through the crescent (see sketch) such that one face of the wedge was parallel
to the X-ray direction. Wherever possible, this face was cut near the widest
part of the crescent, but in a few instances this was not possible because of
bolt holes interfering. The side was then polished, stched, and examined
under a high-power traveling-stage microscope, Because the wedge sections

wEoes UT OUT

-diF:

SKETCH OF CRESCENT SECTIONING
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included a portion of the original and unablated surface (region " in the
sketch), it was possible to plot a profile of the surface which showed how it haq
eroded in the crescent region("A'" in the sketch). The profile enabled one to
determine the position where surface melting occurred,with good accuracy,

An interesting feature of most cases was the almost complete absence of
a melt layer over the eroded area. The existence of tiny inclusiong known ag
sulfide stringers throughout the unmelted region of the steel case, al} finger
shaped and oriented paraliel to the gage axis, acted as tiny melt sensors, dye
to the fact that upon melting and resolidifying of the steel these stringers
distort or disappear. Along the entire distance of the eroded surface line,
these stringers usually extended right to the surface and ended at;ruptly, as
though sliced through. Occasionally, a very thin melt layer remained on the
surface (see Figure 3. 6 for example), but in general the melt layer was either
completely or almost completely gone. Apparently,the sweeping action of the
vapor trapped between the striker bottom, which did not melt, and the cage
was quite strong. As a result, identification of the position where surface
melting ceased was possible from a simple plot of the surface profile. When
d etermining the location of zero surface melting, it was necessary to shave
and repolish each section several times and average the profiles in order to
minimize the effect of random surface irregularities.

The profiles obtained from the five S2 cases examined are shown in
Figure 3.7, the three from Pod S3 in Figure 3.8, Table 3.2 presents the data
of interest.

Although there were several different striker materials from which
crescent erosion data were obtained, in principle the data were all redundant.
This is because over the photon energies which influenced the crescent width,
primarily above 5 kev, the slopes of the X-ray absorption coefficients from the
different strikers are virtually identical,and there are no absorption edges.
At least, within the uncertainties and errors associated with this whole
technique, the slopes deviate so slightly over this range as to be essentially
identical. As a result, the difference in crescent widths is not because
different regions of the spectrum were affected differently by the absorption
characteristics of the strikers, but rather, the crescent widths reflected
only the variation in striker densities.

There is an implicit assumption in the foregoing remarks, and that is that
the energy below roughly 5 kev transmitted through the striker at the inner

crescent edge is small compared to the rest. The assumption is undoubtedly

very good,simply because of the very high absorption coefficients at low energies.
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Considering the striker-crescent data of Table 3.2 again, these can be
used to estimate some of the experimental errors inherent in this technique.

A best estimate of the value

where ( 5‘-). X-ray absorption coefficient of a given striker material at a
given wavelength, cm?/ gm

hy

mass distance through which the X-rays penet\rated a striker
to the maximum crescent width, gm/cm?

can be obtained by averaging values for the several strikers studied and then
noting the deviations from the average value. In theory all the values of

( # )g hg should be identical. Choosing 7 kev as a representative wavelength,
the following table tabulates the pertinent quantities for the two pods (the

graphs of ( ;-) can be found in Appendix D):
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The deviation of the measured value of (E). h  from the average S2 vajy,
is at most only 12-1/2 percent, easily attributable to experimenta] errorg,
The maximum deviation of the S3 values is comparable, 14 percent, There
were obviously higher experimental errors associated with the 3 data
compared to those of the S2 data,and in addition, there were less data wig,
which to work. It was possible to justify using crescent data from only
three S3 cases—those with the C-124, Be, CH, strikers—for the reason
that the crescents on the carbon and CNP covered cases were t0o narrow,
The errors in width due to a slight misalignment of striker and case edges,
or to a slight beveling of the striker edge, or just ordinary mea'-uring errors
were deemed potentially too large to permit inclusion of the data from these
two cases.

To summarizse, there are now two pieces of non-redundant data
which could be used to help describe the X-ray spectrum, One
piece of the data consists of five observations from the S2 striker-steel case
system. The other independent bit of data consists of three observations
from the S3 striker-steel case system. For the purpose of calculation, a
representative striker can be picked from each group as having the average
characteristics.

Steel Melt Depths. -

The erosion profiles of Figure 3. 7 through the Mk 3 case crescents can
be used to extract two additional pieces of independent, non-redundant data.
These are the melt depths in unshielded steel in both pods. From the erosion
profiles a number of values can be-determined by estimating where the
extrapolated profile would intersect the edge. An average melt value is then
calculated. This procedure is necessary because the profiles become highly
uncertain very close to the edge, in addition to which the exact sdge position
is somewhat uncertain, It should be remarked that the profiles are, as best
as can be determined, actually the boundaries between the solid steel and
the X-ray-meited regions. When in the course of measuring the profile
position a residual layer of melt was encountered, it was quite obvious,
and the boundary position was easily ascertained.

Table 3. 3 presents the estimates of profile -edge intersections for the
five profiles available from Pod S2. These are averaged and the result is
converted into a slant penetration distance hm (because of the oblique incidence
angle of the X-ray flux), Also in Table 3.3 are similar estimates for the
three profiles from Pod 83. These data are much more uncertain than
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those from S2 for several reasons. Errors due to edge position estimation,
profile extrapolation, or striker edge alignment have a larger influence on
the S3 result. Also, rather than five profiles to average there are but three.
The two steel melt depths determined are the following:

R/V Case Crescents and Melting.

The third source of independent data on the X-ray spectrum is determined
from the response of aluminurma when struck by the flux, both filtered and
unfiltered. It is too involved explaining in words the categories in which the
various data to be presented fall, as well as the applicable redundancies;
nence,the following outline is offered:

Independent Data Piece (1) Al Response in Pod 82
(a) Al preceded by carbon mtor\
(b) Al melt depths from,
1. solid Al piston } redundant
2. capped Al piston
3. R/V case profiles ' ..J
Independent Data Piece (2) Al Response in Pod 83
(a) Al preceded by carbon filter)
(b) Al melt depths from,
1. R/V case profiles Jrcdundut

2. upper bound data

The aluminum data are not redundant with the steel data,because aluminum
has no K-edge in the energy region where most of the flux is present as does
iron, This means that the phase change positions in aluminum have a different
sensitivity to the spectral shape than those in the steel. Also it is interesting to
note that the melt depth data for aluminum give a view of the spectrum redundant
with that of the carbon filter-Al detector system, unlike the analogous sets
of steel data. This characteristic results from the fact that neither
aluminum nor carbon have an absorption edge above 5 kev,and the slopes of
the absorption curves are essentially identical in the region of flux, whereas
none of the strikers have absorption edges above 5 kev but iron does, at
7.1 kev,
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With these introductory remarks, consider now the data acquired, u“n'
the techniques described earlier, one S2 and two S3 aluminum R/V cages
were sectioned through the center of their melted crescent-shaped regions
(500 sketch). After polishing and etching, profiles of the surface were Obtained

- SURFACE MELTING
GAJE CASE
I7E e

SKETCH OF
R/V GAGE SECTIONING

and are displayed in Figure 3. 9. A curious feature of the surface in the
eroded region, A, was the nearly complete absence of meit, which had been
swept out from between the carbon shield and the case by the explosive
force of the trapped blowoff vapors (see Figure 3.10). Recognition of re-
solidified melt was not difficult; sectioned resolidified material over the lip
of the inside hole was clear. Consequently, it is certain that the profiles of
Figure 3.9 represent the melt-solid boundary.

Table 3. 4 presents the crescent width of each sectioned case and the
corresponding maximum distance of carbon shield penetrated by the X-rays,
Again, the visible crescent width corresponds almost exactly to the surface
melting width.

The depth of melt measurements were made in several ways which will
be described briefly.

Pod 82. The erosion of two solid aluminum pistonc was measured, At
a point near the edge of the unshadowed portion of the piston surface,the
blowoff pressures swept away the melt layer toward the shadowed regions
(where the pressure was zero), and thus the erosion depth measured at this
part of the surface approximated the true melt depth, although in reality it
was somewhat less. A second measurement came from the Al piston
which was capped by an Al disk 0.003 + 0.0002 inch thick. The piston under the
cap had maelted (the glue was so thin and transparent to X-rays as to be
unimportant), and the total melt depth was taken to be the cap thickness
plus the erosion depth of the piston face. Finally, two erosion depth

79



measurements were obtained from the sectioned R/V case mentioned earlier,
The edge of the inside hole viewed the X-rays directly, and the erosion profile
under this carbon was reasonably linear so that the profile-case edge inter-
section could be estimated easily., The depth of this intersection is converted
to the slant penetration distance, hy,, which is the true melt depth,

Pod 83. The erosion profile-case intersection could be estimated for

the two cases sectioned. With appropriate conversions this data yields the
Pod 83 aluminum melt depths. An upper bound estimate of the meit
depth was made also. The upper limit comes from the fact that the aluminum
Mk 1 piston face under the 0.003-inch Al cap did not melt.

The depth of melt data are presented in Table 3.5,and an average value

is calculated for each pod. The two melt depths are:

As emphasized previously, the melt depth data and the R/V crescent width
data are redundant, That this is in fact true can be verified quickly by

checking the quantity ( ;L)Al hm against (-.5‘) carbon lc+ The two quantities
should be equal at a given range, to within experimental errors; at 7 kev it

is found that:

Pod S2 Pod 83

(;)Al hm

u
( Y 'carbon hc

3.3 IMPULSE GAGE AND DATA
Perhaps the most :moortant class of data extracted from the SF' X-ray

experiment was the measurement of the blowoff-induced impulse for a variety
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of materials. Despite the loss of about half the SF' impulse data becauge of
the inversion of one pod and the misorientation of the remaining two, , sub.
stantial amount of data of good accuracy has been obtained,

The results to be presented in the succeeding sections are introduceq
according to the gage type from which they are obtained. With regard to the
Mk | and 2 indeaters, it is necessary to discuss first a method which evaly-
ates each indent (data point) such that its validity or spuriousness can be de.
termined. A certain number of otherwise seemingly valid data points are
shown to be spurious. The impulse results are then presented. The Tesults
from the Mk 3 indenters do not require this preliminary evaluation,

- It will be shown that the following number of pistons or samples gave

valid data:
Pods2 Pod sy
Mk 1 15 out of 16 pistons 1 out of 16 pistons
Mk 2 4 out of 16 pistons 1 out of 16 pistons
Mk 3 7 out of 7 samples 7 our of 7 samples

3.3.1 Mk ] and 2 Indenter Results.*

Data Validity Study.

An analysis of all the Mark | and 2 pistons was made by the Biophysics
Division at AFSWC to determine the radioactivity level of each piston. By
orienting each piston properly it was possible to obtain a count rate from
the exposed face, the tip, and two side-on positions. The purpose of
this effort was primarily to dec.de which pistons fired because of X-ray
blowoff and which pistons fired at some later time from an entirely unre-
lated force. The technique “eveloped act.l as a kind of filter whereby the

genuine data stand out clearly,and bad or uncertain data, often ostensibly
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valid, appear as invalid. The reasoning behind this analysis plus the cri-
teria u't up to categorize the data are presented below.

It was found from photographic data (Reference 18) that the expansion rate of
the weapon debris, that is the vaporized fission and case materials, was
approximately 1.6 x 108 cm/sec. At Pods 82 and 83,  then, the debris
arrived about 8 and 14 milliseconds after the burst, whereas the X-rays ar-
rived considerably earlier, .04 and .07 millisecond, The distance of
travel for the piston to impact the anvil was about a centimeter, so that for
even the glowest moving of the pistons known definitely to have fired (about
250 cm/ sec),the time of travel was only 4 milliseconds. The conclusion to
be drawn is obvious: a piston which fired because of X-ray-induced blowoff
would no longer have its face exposed to the outside environment by the
time of debris arrival; an X-ray-fired piston would be within the indenter
gage, at least partially protected and obscured by the gage front.

It is clear then that a piston not fired will be hit by the weapon debris on
its exposed front face, whereas a fired piston will suffer a considerably dif-
fused coating of debris which impinges all over rather than primarily on the
face. Hence, by determining the radiation level of a particular piston and
its distribution, a decision should be possible about its having fired. As
will be evident shortly :his study was in fact highly successful in evaluating
the validity of the indent 4ata from the Mark 1 and 2 indenters.

Mark 1 Data.

The radioactivity rates found by the Biophysics Division at AFSWC for
each piston are presented n Tables 3.6 and 3. 7 (Reference 19). Looking at the
Mark | count rate data :.rst, it is noted that the pistons can be separated

into two clear-cut groups: (!) pistona with count rates below 10, 000 cpm in



;11 four positions, and (2) pistons with front face count rates above 20,000

cpm, the other three positions ylelding lower count rates than the face. On the
basis of the earlier discussion it is obvious that pistons falling into the first
category fired before the debris arrived, that is, by the X-ray blowoff, ang
that the second category pistons did not fire prior to debris arriva], There
is one exception, however. Mark 1 pistons whose cap came off are indetey.
minate. In every case where the cap was off, the count rate was low, That
the caps probably came off after the debris had arrived is implied by two
pistons in Pod 83, Case 033 Piston 3 and Case 018 Piston 4. These two
pistons when retrieved were found unfired. Also, their caps were off, Yg¢
the count rates on their faces were quite low, the conclusion being that the
caps came off after debris impingement.

The criteria applied to the Mark 1 data can be summarized by the follow-

ing table.

MARK 1 CRITERIA

Count Rate on Face Cap Fired by X-rays?
High (> 20,000 cpm) On . No

Off Not applicable
Low ( < 10,000 cpm) On Yes

oft ?

The validity of the Mark | data has been analyzed in Tables3.8 and 3,9,
which contain the following information: whether a particular piston was
found in a fired condition, if an indent was made, if the cap was on or off,
if the count rate on the face was high or low and the corresponding deduction
as to its having fired, and what the final conclusion about the piston is.
Consulting Table 3.9 listing the Pod 83 pistons, it is noted that there was
but one piston {(arrow) which one car say definitely fired before the debris
arrived. Interestingly, there were several pistons, notably Case 035, that
ostensibly had fired and indented but which this count rate analysis showed
to be spurious since they fired after debris impingement.

Although four fired pistons cannot be evaluated with certainty (question
marks in table) only two of them resulted in indents, so that of the sixteen
Mark 1 pistons in this Pod S3 only two give data which cannot be appraised. .
In view of the several spurious indents mentioned in Case 035, however, it
would be best to discard these two indents.



A point worth noting is that in these data, as well as in all the Mark']
and 2 data, there was a situation which might have arisen, produced a sert-
ous inconsistency, and thrown some doubt on the entire technique: Namely,
a deduced firing (cap on, low count rate) whereas the piston was actually
found in an unfired condition. Fortunately, neither this nor any other incon-
sistency occurred.

Turning to the Pod 83 Mark 1 data, Table 3. 8 it is seen that the count
rate was low for every piston face. Although some pistons are technically
uncertain because of missing caps, it is believed justifiable from the con-
sistency of the remaining data to conclude that all the pistons were fired by
the blowoff impulse. There is no evidence to suggest that any may have
fired later, such as was true in Pod 83, and furthermore, there is a
count rate characteristic which tends to support the above assumption. This
is that the uncapped pistons had side orientation count rates similar to those
which remained capped, not significantly higher as generally is true when
the debris engulfs an unfired piston (refer to Table 3. 11 for example).

There is no ready explanation for the lack of indent {rom Plston 2, Case
006. The count rate gives no t'mcquivocal answer. Perhaps the piston
cocked and jammaed; this could happen if one of the two restraining springs
had accidently been installed double thickness.

To summarise the evaluation of the Mark | indenter data by means of
the count rate criteria, of the six indents observed in Pod 83 only one
can be considered valid with any certainty. The remaining indents are
sither clearly spurious (three) or indeterminable (t wo) and rejected. It
appears likely that all the indents made in Pod 82 were the result of the
blowoff impulse, half being definitely attributable to blowoff, the other half
being uncertain but with good argument in favor of this conclusion.

Mark 2 Data,

The Mark 2 count rates determined for four areas on each piston are
presented in Tables 3.10 and 3,11, Unlike the Mark | data,the count rates
on the faces do not fall into just two clearly defined and separated categories
but rather into three, where the new category is intermediate to the two ex-
tremes. The definitions are almost as clear cut as before, but the conclu-
sions are not quite as certain as to the meaning of the count rate now; never-
theless, screening of the data still results in vastly improved evaluation of
a given indent's validity. ‘



While the new grouping of the count rates introduces some uncertainty
into the technique, the fact that the Mark 2 pistons remained intact, no caps
to be lost, removes an even more important source of ambiguity in the
results.

Careful consideration of the count-rate data on the piston face led to the
following three groups: (1) below 3,000 cpm, (2) 10, 000 through 18,000 cpm, and
(3) 24,000 cpm and greater. The explanation for the low and high count-rate
collections is straightforward. The pistons fired by the X-ray blowoff re-
ceived no direct debris impingement on the face and, hence,display a low
count rate, Correspondingly, the unfired pistons were struck face-on by
the debris,and their faces are comparatively highly radioactive (as well as
their sides, the debris apparently penetrating the small gap between the
piston and the hole wall). On the other hand, the reason for the intermediate
radioactivity is somewhat obscure. An attractive but otherwise speculative
explanation is that these pistons cocked, jammed in their hole, and were, in
effect, moving so slowly that they were not free of their holes by the time
of the debris arrival, Although not being entirely out of the way, neverthe-
less, they were partially shielded from the debris and thus were ccated to
some intermediate degree. Since a number of Mark 2 pistons did indeed hit
the anvil side-on rather than point-on, and this behavior can be attributed
to cocking, the foregoing explanation gains some support. However, the
meaning of the data in this intermediate category remains somewhat uncer-
tain, and, in fact, if the supposition of cocking is correct, the data is
clearly of little value because an unknown fraction of the impulse energy or
momentum was lost in the )amming'action.

The criteria applied to the Mark 2 data are presented in the following
table:

MARK 2 CRITERIA

Count Rate Fired by X-ray?
High (> 24,000 ¢pm) No

Intermediate

(10,000 < cpm < .« )0) ?

Low ( < 3,700 -2 Yes
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The evaluation of the Mark 2 indent data is presented in Tables 3.12 and
3.13. The setup of the tables is similar to the Mark 1 tables and shows
whether a given piston made an indent, if it was found in a fired condition,
into what category the count rate fell, and if it indicated the piston had fired,
and what the final conclusion about the piston is.

Reviewing first the Pod 83 data, it is seen that although only two pistons
were recovered in an unfired condition, and of the others sqven had indented,
only two pistons were concluded definitely to have fired, Interestingly, these
particular two pistons were both Devcon samples., Looking ahead for a mo-
ment, of the two Devcons in the middle pod (see Table 2, 12), one fired and
the other probably fired, but is uncertain. The rather astonishing conclu-
sion is that Devcon, which covered the Teak instrument pod in Operation
‘Hardtack in 1958 for the express purpose of protecting the pod against the
X-ray blowoff impulse, was an exceedingly poor choice. Of all the Mark 2
or Mark ! materials it has been shown that only Devcon and tin definitely
generated a sufficient blowoff pulse to fire the piston under the low flux con-
ditions of the far pod.

To continue with the Pod 83 comments, another interesting point is evi-
dent, Of the three pistons for which the firing is uncertain, only one made a
measurable indent. Similarly, of the two Devcon pistons which definitely
fired, one made no indent, and the other made such a small indent that the
firing threshold energy was ;ust barely exceeded, the threshold impulse for
this piston being Consequently, there was but one
definitely valid indent and - nly one possible indent rejected because of

firing uncertainty.



Considering the Pod S2 Mark 2 data, every piston Was recovered in
fired condition. However, of the sixteen pistons, the count rate Criteria
show definitely that three did not fire and eight did fire as a result of tp,
X-rays, the remaining five pistons being uncertain because the count rate
fell into the intermediate group. Three of the five uncertain pistons hag
not indented and the fourth had struck side-on, making it valueless, Tne
potential loss of data by discarding the one remaining indent value is not
large.

There are four pistons (arrowed in Table 3.12) which fired prior to
debris arrival and apparently produced indents. Four others fired legiti-
mately but either hit side-on indicating that cocking and jamming occurred,
or in one case did not indent at all. It is unfortunate also that there was no
duplication between any two of the valid indented samples.

Summarising the Mark 2 count-rate analysir, of the fourteen apparently
fired pistons initially considered in Pod 83, it was found that only one
indent was clearly valid. There were six other indunts, but they were
either spurious (five) or uncertain (one). The evaluation of the Pod S2
pistons brought out that half fired because of the blowoff impulse, but only
half of these, four, produced measurable indents.

Mark 1 Impulses.

The elimination of spurious indent data by the foregoing count-rate
analysis provides high confidence in the validity of the remaining data pre-
sented here and in the following section.

The raw indent data, pertinent parameters, and corrected impulses are
presented for the nonspurious Mk | indents from Pods S2 and S3 in Tables
3.14 and 3.15. Indents which were shown definitely to be invalid he«» not
been treated. Although a number of S2 indents cannot be verified without
question by the count-rate evaluation, the argument given in the preceding
section for their validity has been accepted and the data consequently have
been reduced. As a result. all the pistons except three in the S2 gages
yielded impulse data, whereas all of the pistons except one in Pod 83
failed to yield impulse data.

It can be shown that the interpretation and reduction of the data is not
complicated by whether the piston was found with its sample cap on or off;
it is necessary only to use the proper piston mass. The explanation is the
following. If the cap remained on, as it did in a few instances, the blowoff
energy and momentum are completely contained within the piston and cap
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system. That situation is, in a sense, ideal, and the momentum is theo-
retically all accounted for in the movement of the piston. When the cap came
off, on the other hand, the sequence of events must be examined a little more
closely. The cap and piston dimensions were such that the compressive
pulse generated by the X-ray blowoff was entirely within the piston by the
time that the leading edge of the pulse, having been reflected from the tip,
returned to the cap-piston interface. This returning pulse was, of course,

a tension wave and as such was responsible for the separation of the cap from
the piston when the tension exceeded the tensile strength of the glue bond.

No other boundary tension existed prior to the first return of this pulse.
Thus, in instances where the caps came off, it is probable that they separated
after only one traversal of the piston by the blowoff pulu.‘ the caps simply
falling out of the gage (the piston, gage, and pod fell away, to be precise).
Support of this analysis comes from the fact that none of the caps were found
inside the gages. The glue bond should have broken almost immediately upon
incidence of the leading edge of the tension wave,thus resulting in contain-
ment of virtually all the momentum and energy of the pulse within the piston
proper. However, even in the event that the pulse should have succeeded

in re-entering the cap appreciably, the cap thicknesses and acoustic proper-
ties were such that at any given time only a small fraction of the momentum
could have been within it. Consequently, whether the cap remained attached
or not, it is certain that the initial blowoff energy or momentum was essen-
tially all contained within the piston. The losses due to breaking glue bonds
or to trapping of momentum within the cap are believed small. In reducing
the data it is necessary only to adjust the piston mass by the loss of the cap
mass,

It will be noted in Table 3. 14 that the indent data from the two aluminum-
capped pistons has not been reduced even though the count-rate analysis
showed the indents to be due to the X-ray impulse. The defect involved was
fortunately unique to these two pistons. Discarding this data was necessi-
tated by the fact that the Al caps were not separated from the pistons in the
manner just described, but rather because they were literally blown off.
Unintentionally, the caps had been made too thin, 0.003 inch, so that the X-ray
flux transmitted through the caps was still of sufficient intensity to produce
melting of the piston faces. Certainly, there was then generated enough vapor
pressure, either from the aluminum face or, more important, from the glue,
to pop off the cap. Two unccrtainties are thereby injected into the analysis.
First, an unknown and possibly appreciable impulse was given to the piston
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from the cap mass and its velocity because of this internal blowot, and,
second, the moment of cap separation is now unknown; the blowoff pulse
gencnted in the front of the cap may or may not have been transferreqd to
the piston.

Therefore, the S2 data from the Al-capped pistons have been discarded,
It is interesting to observe that the indents (and thus the impulses) of these
pistons are considerably larger than their solid Al, uncapped counterparts,
This discrepancy apparently confirms the questionable validity of the data,

Why the S2 copper-capped piston failed to indent is not known. It ha,
been suggested that two restraining springs were accidentally assembleq,
thus causing the piston to cock, jam in its hole, and expend its kinetic energy
working down the hole.

In determining the face area exposed to the X-ray flux (see Figure 3, 11)
an unavoidable uncertainty in the value exists for two reasons. First, it was
not possible to determine the exposed area for each piston individually, be-
cause the exposure boundary was too uncertain, generally; melt slopped or
splashed over into the unexposed portion. It turned out that it was possible
to measure the exposed area for only two pistons on each pod with any de-
gree of accuracy. The exposed areas were virtually identical for both pods,
52%. Thus, it was necessary to apply the exposed area measured and aver-
aged from only two pistons to the data from all the other pistons. But since
there were variations in the surface height of the pistons because of the vari-
ous cap thicknesses, as well as variations in shank lengths and seating of the
pistons in their holes (the piston could sit over to one side since there was
., 006.inch clearance), the lhadowing.of the piston faces by the carbon shield
varied from piston to piston, Consequently, the true exposed area varied
from piston to piston and was not necessarily the 52% value used in the cal-
culations. A second source of uncertainty lies in determining the exposed
area itself on the pistons actually examined. Even for these selected pistons,
there was some uncertainty in the boundary position for various reasons.
Consequently, the figure of 527 exposure must have an associated error
attached to it. A reasonable estimate is believed to be + 8%,

Although the upper edge of the carbon shield shadowed the Mk 1 piston
caps (see Figure 3.11) there was a certain thickness of carbon through
which the X-rays could traverse and still be of sufficient intensity to melt
the cap. Hence, one would expect a crescent-shaped region on the cap sur-
face, adjacent to the fully exposed aren, in which melting occurred, but to
a progressively diminished degree as one travels away from the exposed



region. Also, the relative widths of this shadowed crescent should depend
on the X-ray and thermal characteristics of the cap material, in general
being in proportion to the effect observed in the exposed region. Another
interesting point is that the shadowed crescent should be quite small on the
caps from the far pod. Observation showed that all this was clearly the
case. The partially melted crescent region is clearly visible in the photo-
graphs of Figure 3. 12, where an S2 zinc cap and Al solid piston are
shown. The three regions discussed are illustrated for two metals having
contrasting responses to the X-ray flux; the zinc is rather easily melted,
the aluminum is not. The flow of melted material is, as would be expected,
toward the shadowed region; a high pressure gradient existed between the
two regions.

As a result of the partial exposure, one component direction of the re-
sultant impulse on the piston was such as to produce a torque about the cen-
ter of mass. (Had the entire cap surface been exposed as planned, regard-
less of the X-ray flux angle, the impulsive force would have been parallel
to the piston axis, and no torquss would have arisen.) Consequently, the
pistons attempted to rotate or cock in their holes as they moved forward.

It is difficult to estimate the energy or momentum losses involved with this
process, but it is felt that several factors combined in the Mk 1 design to
minimize its importance. The most influential factor was the optimal piston
length to diameter ratio which precluded severs cocking angles during the
initial movement and afforded time for the constraint of the hole to straighten
out the piston direction. This factor was missing in the Mk 2 piston design,
to be discussed shortly, as evidenced by the almost complete loss of data
there, even from Pod 82. In evaluating the Mk 1 data, then, it is neces-
sary to keep in mind the uncertainty introduced by the cocking and scuffing
losses. However, the remarkable indent agreement between identical Mk 1
samples, for Pod 82, as well as the excellent agreement of the Mk 1 Al
impulses with the Mk 3 Al impulses tend to confirm that the data are
meaningful.

The impact tilts shown in the tables were determined from the character
of the anvil indents and indicate a slight cocking of the piston in flight. The
tilt values are not excessive and are not a problem in applying the anvil cali-
bration. Appendixes B and C discuss the anvil indent calibrations and the
analysis of tilted indents. The correction for the energy absorbed by the
restraining springs is developed and graphically displayed in Appendix C,



With these calibrations and corrections, the quantities in Tables 3. 14 and
3.15 are self-explanatory.

The single seemingly valid impulse value extracted from the $3 gages,
for tin, is highly uncertain. The impulse delivered was so close to the
minimum permitting firing that almost all the initial kinetic energy of the
piston went into deflecting the restraining springs (note the difference be-
tween KEr and KE o’ the final and initial energies, respectively). The twin
of this Sn-capped piston failed to fire; apparently, it did not experience even
the minimum impulse. Therefore, it is believed that this S3 tin impulse
value should be considered as very approximate.

Mark 2 Impulses.

The exposed samples in the Mk 2 gages were non-metallic R/V or plastic
materials which, in general, were appreciably more transparent to the
X-rays than the metals capping the Mk | pistons. For this reason, as dis-
cussed in Section 2.3. 1, the Mk 2 piston design was unlike that of the Mk 1
piston, the exposed sample being a cylindrical plug glued into the recessed
metal piston shell, Although embodying highly desirable features, the spe-
" cific design parameters used, in conjunction with virious ramifications of
the pod mis-orientation, resulted in such an erratic firing pattern that even
the indents validated by the count-rate analysis become suspect. The rea-
sons for and the uncertainties associated with this Mk3 data will be developed
in the following text. First, however, the available data will be presented.

It was concluded from the count-rate analysis that of the S3 gage indents
only one was attributable to X-ray blowoff, and that of the five indents found
in the S2 gages four were clearly X-ray induced while one was uncertain.
The data are presented in Tables 3.16 and 3. 17 including the one question-
able indent from the S2 Avcoite sample. The tables are virtually self-
explanatory; the same corrections and calibrations applied to the Mk 1 data
are applied here and have been treated in detail in Appendixes B and C.

The interpretation of the Mk 2 data is not complicated by samples or cap
loss, as was true for some Mk | data. The blowoff energy and momentum
delivered to the Mk 2 pistons was completely trapped. If sample loss or
front surface spalling had occurred,then an analysis of the possible momen-
tum change would again have been required. No spalling or sample loss was
observed from any of the pistons.

Determining the e::posed sample areas was considerably simplified by
the fact that all the samples ablated cleanly, that is, there was not a melt
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layer splashed over into the unexposed area and obscuring the boundary (Figure 3. 13),
On all samples the area exposed was clear cut, the materials apparently
went directly from solid to gaseous blowoff products. The areas exposed

to the X-rays were different for the two pods because of the aperture shields
used. The value varied little from piston to piston in Pod S2, and a rep-
resentative value of , 50 cm3 was used in the calculations.

A crescent-shaped region bridging the exposed to the unexposed areas
was again evident on all samples wherein the X-rays traversed a portion of
the carbon shield prior to hitting the sample (refer to Figure 3, 11, which
illustrates this point for the Mk 2 samples even though picturing a Mk 1
sample). The uncertainty in the effective blowoff area is thus present again,
but generally,this transition region is estimated to affect the representative
area measurement by less than + 10%.

Ostensibly at least, the data reduced for the Mk 2 pistons seem thus far
to be trustworthy; the count-rate tests we. sassed, spall or sample separa-
tion did not occur, and the various measurements, parameters, and correc-
tions could be applied straightforwardly to determine the impulse values.
Yet,there are several disquieting aspects to the data which result in some
question about their accuracy.

In particular, it is apparent that cocking and jamming of the pistons in
their holes was an acute problem with the Mk 2 design. All pistons that had
fired were examined,and in every case polished scuff marks on the shank
were found and are considered evidence of jastnming. The marks were in-
variably found most clearly on one side of the shank up near the {ront sur-
face and on the other side of the shank down near the start of the tip, It
is concluded that what had happened was the following, The unequal blowoff
pattern produced a torque on the piston about its center of mass so that it
cocked until restrained by two points of contact with the hole, the front edge
and the bottom of the shank. At the same time the piston was moving for-
ward, hence the plishing and scuffing of the piston at the two points of con-
tact. As the piston progreseed, it also ricocheted back and forth, It is
speculated that the Mk 2 shank length to diameter ratio was so low that the
bore could not effectively dampen the side to side movement. In addition,

a protective coating had been applied to the magnesium pistons which was
comparatively rough and may well have contributed to any seizing.

Confirming the foregoing evidence is the fact that of the eight S2 pistons
known to have fired from the X-ray impulse (see Table 3.12)  one did not
indent at all, three hit the anvil side-on, and of the four which indented,



three had large impact tilts, 18° to 30°. Of the two valid 83 firings, one
piston impacted at 30° and the other not at all, This evidence suggests
strongly that severe cocking and jamming was common to all the Mk 2 pistons
and that the energy lost thereby was appreciable for certain pistons,

It is not possible to evaluate these data in terms of impulse self-
consistency between identical samples,since no duplicate indents were ob-
tained. Nor are there any cross checks with other data sources, as was
possible between the aluminum Mk | and Mk 3 samples.

The conclusion is the following, It is a certainty that cocking of the Mk2
pistons occurred and momentum and energy were thereby lost. The error
introduced into the impulse data is unknown, but may be substantial. The
impulse values, therefore, should be considered as lower bounds.

Mark 1 and 2 Uncertainties and Errors.

A summary of the relevant errors and uncertainties affecting the impulse
values of the Mk 1 and 2 indenter gages is given in this section. Wherever
possible a quantitative estimate of the uncertainty is made.

Indent Size. Any error in measuring the size of the anvil indent be-
comes 2 magnified error in the impulse value, inasmuch as the impulse
varies as the three halves power of the indent diameter. The probable im-
pulse error diminishes with increasing impulse valus* from as much as
about  30% at the very lowest (S3) impulse to perhaps + 5 percent at the
highest, The error inherent in the calibration curve itself is probably very
small, less than a few percent at all energy values.

Restraining Springs. The uncertainties associated with correcting
for the effect of the piston restraining springs have been treated in Appendix
C. For all S2 Mk 1 and 2 impulse data, the uncertainty arising from varia-
tions in the spring constants and other parameters is less than a few percent, -
The uncertainty associated with the S3 pod data (only one data point for each

type of gage) is on the order of 50%.,

Piston Weights. These are known extremely accurately and contri-
hute essentially no uncertainty to the impulse values. Only for those Mk 1
pistons whose caps came off is there some mass uncertainty involved, It
has been estimated as no more than + 3%.

Blowoff Areas. For the Mk | and 2 pistons alike, errors in the ex-
posed area value used in the data reduction are reflected directly into im-
pulse errors. The several components contributing to this one uncertainty
are the following: (a) deviations from the representative area value which



was used for all pistons from a given gage type, (b) measuring errors in the
representative area considered, and (c) the unknown degree of contribution

to the total impulse from the partially screened region. The overall uncer-
tainty of this error source is estimated at less than + 15%,

Mk | Energy Loss. For those pistons losing their caps, the energy
loss through trapping of some energy and momentum in the cap can be as-
sessed. In the ideal case, the piston separates from the cap, which remains

stationary, and moves off with virtually all the momentum. The worst pos-
sible case would occur if the piston separated slightly but the cap moved
along with it at the same average velocity. There, through total momentum
conservation, it is clear that the momentum of the piston is reduced by the
amount carried by the pursuing cap. The momentum ratio of cap to piston
is just the mass ratio; since these caps to piston mass ratios are at most
6%, then this figure represents the maximum impulse uncertainty for this

effect.
Cocking Losses. Attaching an error value on the data from cocking

and jamming effects is not possible. As indicated in the foregoing discus-
sions, it appears that the Mk 2 impulse data were subject to severe cocking
effects and should be considered lower bound, whereas the Mk 1 data may

have been affected nominally.

An estimate of the total error associated with the impulse data can be
made with the above individual error sources, but excepting cocking losses:

82 Total Error. . . . .+ +20% (Mk 1 and 2 Data)
S3 Total Error. . . . .. +60% (Mk 1 and 2 Data)

A cocking correction wuuld shift the impulse data to higher values.

3,3.2 Mark 3 Indenter Results,

Data Validity.

The Mark 3 indenter system has been discussed in detail in Section

2.3.1. The principal depart:r~ of this gage from the Mk | and 2 de-

vices is that the blowoff impulse is measurel indirectly and depends on

the transmission of momentum from the exposed material {the striker) to
the piston which then traps this momentum. Advantages and disadvantages
alike result from this design. An advantage which becomes obvious immedi-

ately upon presentation of the data is that the Mk 3 design was such that its
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function was not impaired by the pod misorientation, as were the Mk | and 2
gages. The impulse data from not only the S2 gages but the S3 52408 as we))
are consistent and, as will be shown, valid. This fortunate situation azose
from two sources; first, the Mk 3 design exposed one large striker disk (o
the X-rays, not small individual piston faces, so that the entire striker wag
unshadowed by surrounding objects, despite the pod tilt. Thus,the blowoff
pulse traveling through the striker was generated equally across the entire
front surface and was a plane parallel wave when it entered the pistons, gq
that no torques were introduced. Second, the momentum enhancement phe-
nomenon meant that the momentum delivered to the piston was, except for
the Be and Al strikers, larger than that generated in the striker. Thege
factors resulted in proper operation of the devices in both pods simply be-
cause the pistons experienced fairly large impulses normal to their front
faces (for those strikers generating impulses above the firing minimum),

It is not possible to make an evaluation of the indent data validity for the
Mk 3 gages similar to that presented for the Mk | and 2 gages. That analy-
sis depended upon measuring the radioactivity of the exposed pistons; here,
however, the pistons were completely shieided by the strikers which inter-
cepted the weapon debris. Nevertheless, it is possible to argue convincingly
that the Mk 3 impulse data is valid for the reasons outlined below:

No Prefiring. It is obvious when a piston fired prior to the X-ray
burst. The X-rays penetrate the striker and image the projected piston
hole on the lead anvil by either lightly melting the anvil surface or by
vaporising the surface oil film. Qne S3 pod piston did, in fact,prefire, and
the projected hole was clearly imaged on the anvil. It is certain that none
of the other pistons prefired since no other images were found. The trans-
mitted X-ray flux would have been sufficient through any other striker to
produce a similar image.

Certification Test Implications. The results of Tiger Fish, wherein
no burst occurred, showed that firing of the pistons during reentry accelerations
would be marginal. It should be mentioned that the restraining springs of
the Mk 3 gages were reduced in tension subsequently such that Mk 1 Tiger-

fish results are more appropriate here. Had any pistons not been fired by
the X-ray impulse, the conclusion is that they might have barely fired during
reentry. This indicator is indeterminate.

Control Piston Results. The control piston, one in each Mk 3 gage,
was shortened so that the blowoff pulse could not be transmitted to it



through the striker. However, the pulse could be felt by the control piston
much attenuated after it had traversed the steel gage wall and entered the
piston via the small flange pressed against the inside gage face (see Figure
2.13). Hence, the control piston could be fired by the X-ray impulse, but
with a much reduced velocity compared to the test pistons. Now the crite-
rion by which one can evaluate the indent validity is the following, If spuri-
ous post-burst impulses or decelerations fired the pistons in a given gage,
then all the indents, including the control, should be the same. If the con-
trol indent is smaller than the test indents, then the test data is probably
valid. In all gages the control piston either did not fire or produced an in-
dent smaller than the test indents.

The general conclusion is then that the Mk 3 indenters fired from X-ray-
induced impulses except for one that clearly prefired. The data are valid
with a high degree of certainty,

Data Presentation.

The X-ray-induced blowoff impulses for the various Mk 3 striker materi-
als are displayed in Tables 3.18 and 3. 19 for Pods S2 and S3, respectively.
These impulses, it should be remembered, are from an X-ray flux incident
on the strikers at an angle about 42° off normal. No attempt has been made
to adjust the data to normal incidence values.

The calibration curve by which the piston kinetic energy is obtained
from the indent diameters is discussed and presented in Appendix B. Also,
the restraining spring correction used to determine initial kinetic energy,
KE,, istreated in Appendix C. Enhancement factors and related parameters

are presented in Table 3. 20 with the sources indicated for the various values.



Certain features of the impulse data are of interest. The theory that the
control pistons were not fired during reentry or water impact byt by the
weakly transmitted X-ray impulse gains additio;aal support by the way in
which the S2 control indents increase in size with increasing impulse. The
low-impulse striker, carbon, failed even to fire the control while the highest
impulse (unadjusted) material, polyethylene, produced the largest control
indent. The S3 controls failed either to fire or to indent, the transmitted im.
pulses evidently being too small in all cases. Had reentry or water impact
decelerations been responsible for the firing of any pistons, the pattern of
firing and indent values in Tables 3.18 and 3.19 simply would not have been
explainable.

Of note also is the fact that wherever the impulse was sufficient to fire
more than one test piston, above a few hundred taps, the values -;re very
close, Deviation from a mean or average impulse value is generally less
than five or six percent. In the case of the S3 C-124 gage there was
some inconsistency. It appears, however, that in this instance the two
weakly indenting pistons probably cocked and jammed in their holes. The
high-impact tilts imply that conclusion..and as a result those two data points
are discarded., The one large diameter, low-tilt indent, is believed correct.
The one low-indent value found un the S3 polyethylene anvil is undoubtedly
attributable also to cocking, and .t too has been discarded.

The S2 carbon striker apparently produced one indent. However, because
of the large-impact tilt and the misalignment of the indent with the hole axis,
it is clear that the true impulse -alue is highly uncertain, The carbon evi-

dently did succeed in bareiy yenerating the minimum firing energy as evidenced
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by the fact that the other two test pistons fired. This minimum value is very
uncertain, but on the order of the corresponding minimum
firing impulse is | (a tap is 1 dyne-ccc/cmz). Hence, the im.
pulse for carbon is very crudely determined to be about this value, Similarly
the S2 berylllum impulse is very uncertain but somewhere between the mini-
mum firing value of and the indsnt value of

We do not know that the S3 carbon and beryllium impullv were zero,
only that they were below the minimum firing impulses, Also, the values for
the S3 CNP and the carbon paint lie between the values shown and the
minimum firing value, since in each instance one of the pistons remained unfired,

The results of Table 3. 19 show that the

Steel Case Perturbation.

A problem arose which was of come concern during the data reduction
program, For various reasons, the Mk 3 case material was steel, whereas
aluminum should have Seen used so that the striker-case interface would
have been the same as the striker-piston interface. The steel case, during
the traversal of the blowoff pulse across the interface, moved a smaller
distance than the aluminum piston, thus generating a shear wave in the
striker at the circumference of the piston. The effect of the shear wave on
the momentum delivered to the piston was unknown and feared appreciable,
It will be shown now, however, that except for the beryllium and aluminum
strikers the upper bound errnr introduced into the impulse values by the

shear wave was very small,
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A shear wave disturbance travels from the periphery toward the center
of the piston face, principally in the striker, The area A'(t) traverged at

any given moment is:

A'(t) =Wyt [Zro - vrﬂ

where: v, * shear wave velocity

SKETCH SHOWING
SHEAR PROPAGATION

At the same time, a compressive wave is passing through the whole piston.
striker interface, normal to the piston face. Or at any instant, the area in

which the compressive pulse is not interfered with by the shear wave is:
- 2
A(t) = "z, - vt)

It appears that the worst case, or the maximum effect the shear wave
could have on the net momentum transmissicn going on across the boundary,
would be to reduce it to zero in the region already reached by the shear wave.
Putting a net negative momentum or particle movement into the piston is
impossible under the circumstances of a non-bonded interface,because the
tensile stress necessary tc produce a negative momentum cannot be sustained
under these conditions.

Hence, the worst case is that when the shear wave reaches a given radial
position, the net tran'sfer of momentum across that position drops to zero.
After a time, t, the compressive wave traveling into the piston is over, and
the shear wave does not eifect the particle movement in the piston. That is,
after time, 1, the stress across the boundary ahead of the shear front is

zero,



It appears, then, that the effect of the shear wave on the Piston momen.
tum exists only during the traversal time of the compressive wave, and at
most,cuts off momentum transferral in the area it has passed over. We
can calculate the momentum that can be passed across the striker-piston
interface; assume the compressive pulse to be square wave in character,

that is, the peak pressure is constant for a time, 1 :

dM = A (t) . Po dt

where:
A, = total piston face area
A(t) = piston area not traversed by the shear wave at any time
dM = the total momentum transmitted by the compressive wave
into the piston in a time interval dt across the area Aft)
P, = peak pressure of compressive pulse—— agsumed constant
for atime o~ 1t
then:

M =P A (t) de

o

<
1]
>
[+
0
(<]
-

The bracketed term is the fraction of the theoretical maximum momen-
tum which can cross the interface under the worst-case conditions

assumed,
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Consider the magnitude of this term for the various strikers, assuming

a compressive pulse length of 30 shakes, which is a reasonable value:

T = 3x 10'7 sec
ry = .7l em
Mat'l Shear Vel, M/POTAO Maximum
Lower Limit Impulse Error
cm/sec percent
b
c 1.3 x 10° .95 5
5 a
Be 9.0x 10 .67 33
. a
Al 3.0x 105 .87 13
b
CNP 1.3x10° .95 5
b
C-124 1.5 x 10° : .94 6
b
AV-2 1.6 x 10° .93 7
c 58
H, 0.5 x 10 .98 2
AReference 20
%60% of sound velocity

Thus, the reduction in true impulse due to this shear wave interaction is
small except for beryllium and aluminum, It should be stressed, however,
that these error values are upper limits; transfer of momentum across the
area reached by the shear wave may well have occurred to some extent,
and the assumption of a square pulse rather than a more realistic shape
such as a triangular pulse increases the amount of momentum which canbe

effected by the shear wave.
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Mark 3 Errors and Uncertainties.

A summary of the uncertainties and errors associated with the Mk 3
data is given below, The steel case error discussed separately in the
previous section is systematic, that is, it results always in a net impulse
loss,

Indent Size. Indent-measuring errors translate into impulse errors
———
through the three-halves power of the indent size. Thus,the impulse value
is somewhat sensitive to this error. It is estimated that for indent diam-
eters above about | mm the impulse uncertainty is less than + 6%; the
remaining impulse data in Tables 3,18 and 3,19 from indents around . 35 mm

have errors estimated at 25%.

Restraining Springs. The uncertainties arising from variations in

the spring parameters are discussed in Appendix C. This error is insig-
nificant, less than a few percent, for all impulses,except for several that
were close to the minimum firing impulse, that is, indent diameters close
to .3 mm. For those very low values, the uncertainty is on the order of

50%.

External Impulses. The effect of disturbances or impulses originat-

ing outside the indenter gage on the momentum transfer process occurring
at the striker -piston interface have been studied. It can be shown that ex-
cept for the polyethylene striker gage, any external impulse such as that
generated by the carbon shield will not be felt by the piston while it is still
in contact with the striker. This error source in any event is considered

to be negligible,
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Calculated Enhancement Factors. For those gages where the momen-

tum enhancement was calculated from acoustic data, error is introduced by
uncertainties in the values taken for (a) acoustic impedance of aluminum,

(b) sound velocity of striker material, and (c) density of striker material.
Assuming an uncertainty in the value of aluminum's acoustic impedance of
+10%, the largest corresponding uncertainty in any of the enhancement factors
would be * 5%, A.lso. although the effective sound velocity of some of the
materials may be highly uncertain, it has little effect in general on the enhance-
ment factor calculated. This error results in less than a + 5% error in.the
enhancement factor. The density error can be neglected,as it is inconsequen-
tial,

AFSWC Enhancement Factors., The enhancement factors supplied by

AFSWC are the result of PUFF Code calculations with experimentally determined
equation-of-state data and are inherently more applicable to the high-stress
conditions of the Mk 3 gages. It is estimated that the values determined for
these materials, CNP, C-124, Avcoat-2, are accurate to within + 5%.

Cocking Losses, Again, the energy losses resulting from pistons

cocking or scuffing along their holes is unknown, However, except for

certain gages where only one piston fired, it is possible to sort out the jammed
pistons. For the remaining indents, cocking is believed to have involved
negligible losses. The momentum delivery to the pistons did not encourage
cocking, unlike the Mk | and 2 gage situation. Wherever comparison between
two or more pistons in the same gage was possible, it was obvious which

piston had acted anomalously: also, impact tilts give an indication of cock-

ing,
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An estimate of the total error associated with the impulse data can be

made from the foregoing component errors and the systematic shear wave

error.
Striker Total Errors
Pod 82 Pod 83
percent percent
Graphite + 57 NA
Beryllium + 65 NA
- 57
Aluminum + 16 --
- 10
Carbon Paint .- + 57
CNP + 10 +57
- 8 .
C-124 + 10 +10
- 8 - 8
CH, + 9 + 9

To these total errors, however, must be added the unknown cocking
losses. This effect is undoubtedly most important for the low-impulse pis-
tons which are already characterized by high uncertainties. Correction of
the data for cocking would tend to increase the impulse values.

3.4 MATERIAL ABLATION DATA

It has been possible to determine for seventeen materials the total abla-
tion which resulted from X-ray exposure and relatively free blowoff condi-
tions. Ablation, as used in connection with the study discussed in this sec-
tion, refers to the material irretrievably lost from the surface of a sample
due only to blowoff, not to spall. [t appears certain, however, that none of
the samples treated here spalled {rom the front surface. Just what the pre-
cise mechanism was that produced the ablation for a given material, whether
it was sublimation, melt and vaporization, or whatever, has not been inves-
tigated. Clearly it was not the same for all materials. In certain materials,
for example Teflon, no visual evidence of melt exists, suggesting that subli-
mation was the ablating mechanism. On the other hand, aluminum displayed
a lumpy surface characteristic of a melted layer which resolidified; presum-
ably,only the vaporized front surface and perhaps a fraction of the melt layer
escaped. Although varying from material to material, the mechanism by

which each responded to the X-ray pulse was, it can be assumed,
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characteristic of the material itself and would recur under similar conditions,
Therein lies the value of the ablation data to be presented.

The ablation data were obtained from three sources; (1) the striker plates
of the Mk 3 indenter gages, (2) the R/V gage samples, and (3) the samples
used in the Mk 2 indenter pistons. A number of materials were represented
in two of the three categories, thus giving not only additional data on some
samples but also permitting a crude cross check on the uncertainties associ-
ated with the categories themselves. Despite the differences in size and ex-
posed area, the responses of the three sample types to X-ray exposure were
essentially the same. Most important was the fact that the outward expansion
of blowoff vapors was relatively free, the samples being unenclosed. It is
true, however, that the striker plate arrangement was in a sense more ideal.
The sample area was considerably larger than either the R/V or Mk 2 areas.
Yet it is believed that the area differences have resulted in only a small ef-
fect, if any, on the ablation, since a study of the data has not revealed any
systematic differences attributable to area differences. The variations in
ablation found in the samples which were in both the R/V gage and the Mk 2
piston, for example, seem to be attributable only to experimental errors;
no consistent bias is discernible.

The techniques for determining the ablation losses were essentially the
same for all three data sources. The samples had been weighed prior to the
shot to one ten-thousandth of a gram using a Mettler balance (except for the
Be strikers which were too heavy). At least a month after the shot, the
samples were weighed again on a similaz balance. The weight difference
clearly represented the mass ablated, subject to one correction to be de-
scribed below. A second, and mass-independent measurement of the ablation,
was accomplished by directly measuring the linear difference between the
original surface and the remaining surface, since some of the original sur-
face remained on .the R/V and Mk 2 samples, or by measuring the initial and
final striker sample thicknesses with a micrometer and thus determining the
thickness ablated.

As mentioned above, one correction to the weight data was found necessary.
It was discovered upon return to the mainland that the S1 samples had appar-
ently gained weight, The S| samples, it will be remembered, had not viewed
the burst and so had not lost mass. The fact that they all gained weight
seemed primarily due to water absorption. Known low-absorbing materials
such as aluminum and teflon, for instance, gained least. Consequently, the

correction to the ablation data consisted of adding to the raw weight loss
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data the weight gained by the corresponding sample in the S1 pod. This pro-
cedure assumes that the water absorbed and the weight gained by an 32 and S3
sample was about the same as its Sl counterpart, and that the change in sur-
face character by X-ray exposure had a small effect on the absorptivity. Ad-
mittedly, this correction is rather approximate; nevertheless, in principle it
is correct and, as a study of the data quickly revealed, it invariably made
the weight ablation data more self-consistent as well as more consistent with
the linear ablation data. The fact that the absolute moisture content of a
given sample may have varied from pre-shot to post-shot weighings does not
introduce any error into the procedure, since the S1, S2, and S3 samples were
all weighed at the same time after having had long times, at least a month,

in identical environments to stabilize, The difference in moisture content
from pre- to post-shot weighings is implicitly accounted for by the Sl

sample weight change.

The weight gain of the S1 samples is given in Table 3.21. These values
change with time and the environment of the samples and thus are not par-
ticularly important in themselves,only as corrections. The post-shot
striker and R/V sample weighings were made in August 1962,and the Mk 2
weighings were done in March 1963,

The ablation data will now be presented and discussed by sample typs.

R/V Samples,

Pagus 107 £ 165
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Striker Plates.

The striker plates covering the Mk 3 indenter gages offered large eXposed
strikers were
all completely unshadowed so that no original surface remained with which to

areas to the X-rays. Unlike the samples already discussed, the

compare the ablated surface. However, in anticipation of this ablation analy.

sis, the strikers, whose surfaces were highly parallel, were carefully meas.

ured for thickness beforehand. Then, the thicknesses were measured sub-

- sequent to recovery and the linear erosion determined straightforwardly,
Also, the strikers were carefully weighed before and after the burst, where

possible, in order to obtain weight loss data.

The ablation data calculated from both weight loss and linear loss meas-
urements are presented in Table 3.25, It is unfortunate that the beryllium
strikers were too heavy for the precision balances available in the field, A4
a consequence, no weight loss data are available. However, as noted in the
table, no linear loss could be detected micrometrically to the accuracy of
the measuring device, + .0013 cm.

The corrections applied to the raw weight loss figures were, as before,
simply the weight gain of the Pod 81 counterpart strikers. Only polyethylene
was not represented on Pod 81, ' and so a correction could not be applied.
Therefore, the values in the "Weight Loss' and '"Linear Loss'' columns are
low for CH;. One would suspect, however, that the correction would have a
small effect on these values for two reasons; polyethylene is non-moisture-
absorbing, and the mass ablated, at least in Pod 82, was high, thus
minimizing the influence of the correction. With regard to the remaining
strikers, the correction produced less than a 20% change in the raw data ex-
cept for the graphite, where the net loss was so close to zero that other ex-
perimental errors overwhelm the significance of the very small loss value,
In general, then, the importance of the correction on the striker ablation
data is not great.

Comparison of data derived from weight losses with that linearly meas-
ured is possible for a limited number of samples. Good agreement is evi-
dent in general; although an apparent discrepancy exists for carbon paint,
it is possible that it can be accounted for by the uncertainty in the density
value of 1,5 gm/cm? assumed in order to calculate the '"Linear Loss'' value.

A cross comparison of striker plate data with either F./V sample or Mk 2
sample data exists for only one material, C-124, which in addition to having

been a striker plate was also included in the R/V gage. For both Pods S2 and
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83 it can be seen from Tables 3.22 and 3.25_ that the ablation data are
remarkably consistent for this sample. This provides some assurance that
the difference in blowoff areas had only a small effect, if any, on the amount
of unit area ablation.

Graphical Summary.
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Errors and Uncertainties.

It would be specious to attempt a quantitative estimate of the errors as-
sociated with the ablation data already presented. Instead, the major
sources of errors will be pointed out and the probable best data suggested.

Clearly, the fact that the weight losses are very small differences between
two large numbers means that any small errors or spurious changes in the
total weight values will reflect as large errors in the ablation data. This
one characteristic of the mass loss determination technique introduces the
largest error. The mass loss (corrected ) varies from as low as about
1/3% of the total sample weight in Pod 83 to at most a few percent of the
sample weight for the S2 striker samples. Hence, the ablation data sensitiv-
ity to errors in total weight measurements is obvious.

On the other hand, the linear measurements obtained by means of depth-
or thickness-measuring gages are relatively free of the analogous problem
of defining small distances on large thiclmesses, at least for the Mk2 and
R/V samples, because the total sample thickness was not involved in the
measurement. The small difference problem does enter into’'the picture on
the striker samples, but where measuring difficulty was encountered, it was
due primarily to a different phenomenon, that of surface bubbling or melting
wherein the irregularity and unevenness of the surface prevented estimating
the effective surface level, Striker samples from which final thiclmesses
could be obtained generally ablated evenly, and the resulting surface was
reasonably smooth.

Some of the error sources considered important in their potential influ-

ence on the ablation data are the following:

Weight Corrections. The corrections added to the raw mass loss

data are, for the Mk 2 and R/V samples in particular, large sources of un-
certainty., In a few extreme instances, for example, the correction is
larger than the data value, Yet the validity of the correction itself is uncer-
tain, since it is the result of factors which may not have affected all pods
the same. Its application is rationalized by the fact that since all the Sl
samples gained weight, some adjustment of the S2 and S3 data seems neces-
sary, and the corrections, as uncertain as they may be, definitely make the
S2 and S3 data more consistent in all respects,

Extraneous Weight Changes. Erratic, unsystematic weight additions

or losses to the samples which then result, as above, in magnified errors in

the mass loss data may have occurred. These could have resulted from the
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handling after the pre-shot weighing as well as from the handling and wash-
ing prior to the post-shot weighing. Abrasion, chipping, salt accretion all
could contribute randomly to the spurious weight change of the samples.
Dimensional Changes. Permanent changes in the thickness of the
striker samples due to water absorption or the initial heat gradient after

X-ray exposure could introduce a linear thickness measuring error. This
phenomenon apparently is evident in the CNP striker, which is thicker after
exposure than initially. This source of error is probably not important with
respect to the R/V and Mk 2 samples because of the method of measurement
employed,

Area Measurement Errors. The exposed area, or the area from
which ablation occurred is not always known accurately. This error applies,

of course, only to the mass loss data, but it does apply to all three sources
of ablation data, The Mk2 sample area used in the computations was an
average value from which the individual exposed areas may have deviated
up to + 8%, as an estimate. Also, for both the R/V and Mk 2 samples, there
was a partially shadowed region in which the ablation varied from maximum
to zero. This region for certain materials may have represented as much
as 10% of the exposed area, and in this region the amount of blowoff is diffi-
cult to estimate. Even on the strikers, which were fully exposed, there was
a small and unaccounted for area around the vertical edge of the striker
facing the X-rays, which ablated to an unknuwn degree. In general, however,
this mass loss is estimated to be small compared to the total mass lost
from the top surface.

In view of the potentially large errors that could have affected the abla-
tion data, the agreement of data from one source to another and the gener-
ally small deviation of data on a given material from an average value are
remarkable. With regard to which measuring technique yielded the best
results, i.e., results having the fewest errors and uncertainties associated
with them  the answer 18 that for the strikers and Mk 2 samples it is a
tossup. However, the direct linear measurements made on the R/V sam-

ples are probably more accurate than the weight loss data.

3.5 OTHER GAGES AND DATA

The remaining instruments or data will be treated only briefly in this
section, because, except for the correlation gages, there ei-
ther was no data obtainable, or else it is being reduced under a different

contract,
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3.5.1 Gages with No Useful Data.

K-Edge Gages. The off-axis misalignment of the pods, 42 degrees,
greatly exceeded the acceptance angle of the K-edge instrument, Conse-
quently, none of the incident radiation impinged on the detector stack, anq
no spectrum data could be obtained. The recovered filters and instrument
parts were subjected to a visual examination for possible unpremeditateq
data relevant to the spectral study described in Section 3. Z, but nothing of
importance was found,

Fracture Gages. No data could ve extracted from the gages in either
pod. The X-ray angle prevented the flux from reaching the metal button,

Carbon Calorimeter. Because of the incidence angle, only a small frac-

tion of the calorimetric disk was irradiated. Close inspection showed that,
while some of the temperature crayons became sufficiently hot to flow in the
S2 pod gages, apparently not even the minimum temperature of 150° F was
reached by either calorimeter. None of the Pod 83 crayons either flowed or
changed color. No meaningful data could be obtained from this instrument,
Because of the highly complex thermal diffusion problem imposed by the
flux-gage orientation and shadowing, not even a lower bound to the incident
X-ray energy could be determined.

S2 Plated Hole Gages. With regard to the lead-plated and chrome-plated

gages, there were no data. In the case of the lead, no pattern of removal of
the lead from the carbon disk existed which might be attributable to the
X-rays. In the first disk of the chrome-plated gage, most of the plating
appeared to be gone. There was one small area remaining, but no signifi-
cant relationship to the incident X-ray beam was apparent.

The gold-plated gage, however, showed an elliptical pattern of gold re-
moval which was clearly the result of the X-ray deposition. Unfortunately,
however, there was no way to interpret :he meaning of the gold-no-gold
boundary; contrary to expectations it did not necessarily correspond to the
solid-vapor or solid-melt phase change interface because the gold film was
sufficiently thin to evaporate off at temperatures below vaporization. Hence
no spectral data was extracted from this gage.

This spectral gage design was discarded after the SF' event for the above
reason, Its successor, whose design was the result of the SF' experience,

is described in Section 5. }.
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S3 Plated Hole Gages. With regard to the chrome-plated gage, most of

the chrome was gone on the first disk, generally from the area which was
shadowed from the X -ray beam. Although the pattern of the remaining
chrome plate was symmetric to the X-ray pattern on the front of the instru-
ment, it was not consistent with what would be expected. A slight heating
effect was visible on a small part of the second disk. which extended to
about the depth one would expect from the angle of incidence. No useful data
was obtained from this gage.

In the gold-plated gage an elongated elliptical area of plated gold was gone
from the first disk Its orientation and length correspondeqd to what would be
the expected illumination of the plated surface., The pattern extended to es-
sentially the end of the front disk However, for the same reasons outlined
before, no meaningful interpretation of the effect could be made.

3.5.2 R/V Gages. Of the two exposed sets of R/V samples tested, those
in Pod S2 received the greatest amount of X-ray damage. In general,
each sample of this set received severe surface burning with accompanying
loss of surface material over approximately 70% of the sample surface, and
mechanical damage in the form of layer delamination and failure of R/V com-
posite material. Each of the seven different samples are discussed only
briefly below because a thorough study was accomplished elsewhere (see
Reference 23). Also, in Section 3. 4 the mass loss data from these samples

is presented,

Pod 82 Visual Descriptions.

Lpa?mSW.
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3.5.3 Metallurgy Gages. Suriace melting effects indicated that approx-
imately 40% of the samples' surface areas was exposed to the X-radiation.

These gages will not be discussed further here inasmuch as they are cur-
rently being analyzed at Allied Research under DASA contract No. DA-
49-146-XZ-168 and will be reported separately.

3.5.4 Sorrelation (Gages. The three fracture gages
and three indenters discussed in Section 2, 3.3 were returned to Allied

Research for analysis in September 1962. The purpose of these instru-
ments was partly to provide additional effects data but, more important,

to check for experimental consistency between the two different environ-

ments of SF' and Marshmallow., The data from the Marshmallow gages
are reduced and reported in this section; comparison to SF' results is

beyond the scope of this report,

Fracture Gage Data.

Careful visual and microscopic examination of the fracture gages
showed no fractures or spalls whatsoever. Although there had been a
slight misalignment of the gages as evider.. +d by the flowoff pattern
found, still the major fraction of the button areas had been exposed and

blew off. Two of the three zinc buttons were loose but intact inside the
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gage housing; fragments of the third were found. From the smaj] amount
of material loss over the exposed area of the button it is possible that the
flux level at this station was below that anticipated.

At some time during their residence in the tunnel, probably subsequent
to the burst, the lucite cylinders reached their softening temperature, egti.
mated near 100° C. The four O-rings isolating the cylinder from the hous-
ing left deep imprints in the lucite indicating a general long-term heating

rather than a flash transient type of heat input,

Mark | Indenter.

No data could be extracted from this instrument, The entire assembly

had been crushed and torn apart, the anvil being so distorted that it is yn.

known whether or not any indents were made.

Mark 2 Indenter.

This instrument functioned properly,and the impulse data obtained is
presented in Table 3.26, There is no evidence of the pistons cocking in
their holes; the impact tilts were small,and the impulse was delivered uni-
formly across the piston face. On the other hand, an unknown velocity in-
crement may have been given the pistons from debris impact, The flight
times to impact, during which the pistons were vulnerable to this mechan-
ism, were between 1 and 2 milliseconds. This source of error in the
impulse values is difficult to estimate but believed small. The ar nt of

debris accretion on the piston faces is virtually unnoticeable,

Mark 3 Indenter Gage.

This instrument was returned intact and mechanically had functioned
perfectly, However, a design error precludes a meaningful interpreta-
tion of the indent data. The aluminum striker plate was too thin; the result
was that the striker-piston interface was heated appreciably,and inelastic
deformation of the striker occirred. The machine marks on the piston
face were imprinted on the striker,and corresponding to the gap between
piston and hole wall, a ridge on the striker exists where it penetrated the
gap inelastically. Under these cunditions, the theory treating the wave
propagation and momentum transfer becomes inapplicable; consequently,

no data ave reported for this gaye.
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Materia. Ablation.

The four Mk 2 samples were studied with the purpose of obtaining erosion
data on those materials. A detailed explanation of various considerations
and the procedures used for tne analogous study of the SF' Mk 2 materials
has been given in Section 3.4 and need not be repeated here. It is sufficient
to remark that mass loss was determined for each piston by means of a
highly sensitive Mettler balance (see '"Weight Loss'' column in Table 3, 27).
In addition, a direct measurement of the linear surface recession was pos-
sible since there was a ring of material left unexposed to the X-rays (the
aperture effect) which gave the position of the original surface. A height-
measuring dial indicator gage simply measured the difference between the
original and eroded surfaces (see "Measured Loss'' column in Table 3. 27),
The linear recession has been calculated from the '""Weight Loss' data (see
the next to the last column in Table 3.27) so that a comparisos of the data
from the two measuring techniques can be made; comparison of the two
final colurnns shows excellent agreement.

With regard to spallation, it seems certain that except for the pyro-
graphite none of the samples spalled. The surfaces were examined rather
carefully, and they had only the characteristic stippled appearance that X-ray
exposure seems to produce in many such materials. The as in
Star Fish, was eroded more deeply in the resinous area. The plug,
however, did come out of the shank slightly,and now the original surface pro-
trudes about 1/32 inch. It is doubtful that it was originally glued in this po-
sition,although there is that possibility. A more likely explanation is that be-
cause of the low impedance of the compared to the Al piston, the piston
shell and plug attemnpted to go in opposite direction‘s. and did in fact suc-
ceed in separating slightly before the relevant force fell below the retarding
frictional forces.

The carbon had delaminated such that the dislodged piece was not of even

thickness, but rather wedge shaped as sketched. However, not much

063" TMCK

~ 00"
TMICK Il [, Y

SKETCH OF PYROGRAPHITE PIECE
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importance should be attached to this spalled piece. The PYTographite
stock from which this sample came could be pried apart 'enuy by fingernai)
if the right spot was found, With this type of behavior, estimating spall
tensions is rather difficult,
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TABLE 3.1 SUMMARY OF BURST AND TRAJECTORY DATA, SF'

Burst Date........ 9 July world (Zulu) time (8 July Local time) Ref. 17

Burst Time....... 0’1‘;)009. 0290 world (Zulu) time Ref. 17
Burst Height...... 400.2 km Ref. 16
Total Yield....... 1.3 Mt Ref. 10
Radiated Yield.... Ref. 10
X-Ray Conversion.... Ref, 10
8
Initial Debris Velocity........ 1.6x10" cm/sec Ref. 18
Ref. 10
Debris Arrival at Pods........ 5.4 millisec (S1)
7.6 millisec (S2)
14. 4 millisec (S3)
Pod Ranges........ccevvveess 8.74km (S1) Ref, 16
12,25 km (S2) Ref. 16
23,40 lon (S3) Ref. 16
Position of Point John...... 16° 44' 03,30" north (Latitude)
169° 231' 41. 48" west (Longitude)
Burst Position
(Bravo System)....... x = - 11.57 lm (East is positive) Ref. 16
y = 31,30 km (North is positive)
z = +400.2 km (Vertical is positive)
Pod Positional Sl S2 83
Differences from Ax |- .0595km | +.0582km | +.818 km|Ref. 16
Burst (Bravo System)
Ay | +.471 +.711 +1.078
Az | -8.72 -12.25 -23.4
Slant Range | 8.74 12,25 23. 4
Pod Orientation S1 S2 S3
Angles 8 | »135° $3+1/2° [ 41+1/2°
0... Off axis tilt o o o
¢... Roll angle o |61l 0+1/2 35.5¢1

# This is X-ray energy radiated into 47 steradians, the output was
asymmetric and greater than this in the direction of the pods. See
Section 3.2 for a discuasion of this point.
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TABLE 3.2 CRESCENT WIDTHS AND CORRESPONDING STRIKER TRAVERSAL

—
striker Material Crescent Width, A Striker Penetration, §

aom—

STRIRER

hy = #A /3in 8 DENSITY »
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6 = POD TILTY

STEEL CASE

121



TABLE 3.3 MELT DEPTHS IN STEEL

fﬁ. STRMER

CASE

PROFILE {GREATLY EXAGGERATED)
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TABLE 3.4 CRESCENT WIDTHS AND CORRESPONDING CARBON
SHIELD TRAVERSAL

ar
+
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CARBON SHIELD , EA cos|5®
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TABLE 3.5 MELT DEPTHS IN ALUMINUM

———

Data Vertical Slant Melt
Source Erosion, Ay Depth, hm
cm gm/ em?

Pod 52, 0 = 43°
Solid MK1 Piston
Case 030

Case 021

MK Piston + Cap
Case 30

Case 006

R/V Case Profiles

Case 016
Case 016 Repolishsd

Pod 83, ¢ = 41°

R/V Case Profiles
Case 049
Case 050

Capped MKI Pistons
Upper Bound

Illustration of Terms

%4

wg_# SHADOWED
i REGION

PROFILE

(GREATLY
EXAGGERATED)

ALUMINUM PISTON
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TABLE 3.8 COUNT RATES, POD 82, MK 1 INDENTERS
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TABLE 3.7 COUNT RATES, POD 83, MK 1 INDENTERS
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TABLE 3.8 INDENT EVALUATION, POD 82, MK 1 INDENTERS

Apparent Deduced
Gage Channel Indent? Cap? CPM Fire? Fire? Conclusions

016 1 Mg Yes On Lo Yes Yes Yes
2Fe Yes On Lo Yes Yes Yes
) Sn Yes Off -0 Yeso ? ?
4 Au Yeu Off Lo Yes ? ?
030 1 Mg Yes On Lo Yes Yes Yes
2 Al Yes On Lo Yes Yes Yeso
JAl Yes Off Lo Yes ? ?
4 2Zn Yes On Lo Yes Yes Yes .
021 1 Cu Yes Off Lo Yas ? ?
2 Al Yes On Lo Yes Yes Yes
3Zn Yes On Lo Yes Yes Yes
4 Au Yeo off Lo Yes ? ?
006 1 Fe Yeo On Lo Yoo Yes Yee
2 Cu No Off Lo Yas ?
3 Sn Yes Off Lo Yeo
4 Al Yeo off Lo Yes ?

TABLE 3.9 INDENT EVALUATION, POD 83, MK 1 INDENTERS

Apparent Deduced
Gage Channel Indent? Cap? CPM Fired? Fire Conclusion

033 1 Mg No On Hi No No No Fire
¢Fe No On Hi No No No Fire
JCu No Off Lo No ? No Fire
4 Zn Yes Off Lo Yes ? ?
018 1Al No On Hi No No No
2 Sn Yes 1/20On Lo Yes Yes - Yes
3 Au Yes oft Lo Yes ? ?
4 Cu No oft Lo No ? No
009 1 Fe No On Hi Yes No No
2 2n No oft Lo Yes ? ?
JAl No 1/20On Hi No No No
4 Sn No 1/2Omn Hi No No No
035 1 Al Yes 1/2Cn Hi Yes No No
2 Mg Yes On Hi Yes No No
J Al Yes On Hi Yes No No
4 Au No off Lo Yes ? ?
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TABLE 3.12 INDENT EVALUATION, POD 82, MK 2 INDENTERS

Apparent Deduced
Gage Channel Indent? CPM  Fire? Fire Conclusion
007 Yes Lo Yes Yes =Yan, Fired
Yes Med Yes ? ?
 Side On Lo Yes Yes Yes, but
no data
Yes Lo Yes Yes i —+Yes
017 » Side On Lo Yes Yes Yes, but
no data
Side On Med Yes ? ?
Side On Lo Yes Yes Yes, but
no data
No Hi Yes No No
023 No Hi Yes No No
No Med Yes ? ?
' Yes Lo Yes Yes ~Yes
No Med Yes ? ?
019 Yes Lo Yes Yes ~<Yes
1 No Lo Yes Yes Yes, but
no indent
» No Hi Yes No No
No Med Yes ? ?
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TABLE 3.13 INDENT EVALUATION, POD S3, MK 2 INDENTERS

Apparent Deduced

Gage Channel Indent? CPM Fire? Fire Conclusion
029 No Hi No No No Fire

No Hi No No No

Yes Hi Yes No No

Yes Hi Yes No No
025 No Hi Yes No No

Yes Hi Yes No No

Yes Hi Yes No No

No Lo Yes Yes Yes, but

no indent

027 Yes Hi Yes No No

No Hi Yes, No No

Yes Med Yes ?: ?

No Hi Yes No No
004 No Hi Yes No No

No Med Yes ? ?

Yes Lo Yes Yes -~ Yes

? Med Yes ? ?
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TABLE 3.20 STRIKER MATERIALS PARAMETERS

Density Sound Vel, Acoustic Im- Enhancement

Material (gm/cn?) (m/sec) pedance pC Factor

Be 1.84 (a) 12,800 ()  23.5x10° 0. 747
Carbon 1. 70 (b) 2,250 (f)  3.9x10° 1. 56
Graphite

Al 2.7 (a) 5,200 (d)  14.0x 10° 1. 00

CH, 0. 924 (b) 920 (c) 0.8 x 10° 1. 88

CNP 1. 18 (b) 2,180 (&)  2.57 x 10° (e) 1. 69

C-124 1. 14 (b) 2,450 (&) 2.8 x10° (e) 1.67

AV-2 1. 10 (b) 2,730 (g)  3.0x10° 1. 65

*Rare Metals Handbook (Reference 21)
bMeum-ed at ARA

€AIP Handbook (Reference 20)

dOllon (Reference 22)

®Calculated from Enhancement Factor Data Supplied by AFSWC
ICalculated from Data supplied by National Carbon Co.

'Unceruin, but based on extrapolated data from AFSWC

og 139 thi 144 duletid.
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Figure 3.1 iew of Pod S3 after recovery. (ARA phot
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Figure 3.2 Pod-burst positions, Shot Star Fish Prime.
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CHAPTER 4

CONCLUSIONS AND RECOMMENDATIONS

From two SF' pods certain physical effects have been observed which
yield good quantitative experimental data about the phenomena associated
with high-intensity X-ray deposition. A summary of the major conclusions
reached and several recommendations follow,

4.1 CONCLUSIONS

The instrumented pod technique of data acquisition from nuclear
detonations is fundamentally sound and was reasonably successful in shot
SF'. Although some of the X-ray instruments could not operate properly
because of the pod misorientation, it was clear that under a less extreme
handicap most of the devices would have performed as designed.

The incident X-ray spectrum was not measured, Other evidence
allows the flux to be estimated with reasonable accuracy to be

n Pod 83. For purposes of comparing X-ray impulses,

an effective source temperature of indicated,

The range of X-ray-induced impulses observed at Pod S2 (flux at

43° to the normal) was about
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4.2 RECOMMENDATIONS

Additional X-ray effects experiments are clearly of value in order
to extend the present data to new materials and to more extreme energy
regimes,

In the event that pod-type instrument carriers are again utilized, an
improvement in pod stability is suggested as a result of the orientation

problems encountered in SF',
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PART 2 KING FISH

CHAPTER 5
PRCCEDURE

5.1 INSTRUMENT PODS

The two X-ray pods, designed and fabricated by General Dynamicg/
Astronautics (GD/A), were essentially identical to those used in Star Figh
Prime. A description of the pods as well as of the anticipated reentry ang
impact conditions imposed upon them can be found in Section 2.1. Tye third
pod carried by the Thor missile was instrumented with Project 8C
devices devoted primarily to studying fireball thermal effects,

5.2 FLIGHT SEQUENCES

As in Star Fish Prime, the pods were released from the missile after
main engine cutoff but during vernier burn. Because of the somewhat lower
bur st altitude, however, release occurred later than before, Alqo
the missile trajectory in King Fish (KF) was planned to be flatter so that the pods
would land 70 km down range., After vernier cutoff and booster sepa-
ration, the pods and warhead coasted to an apogee of about 700 km. Burst
occurred at an altitude of vith a total yield estimated at
Thereafter, the sequence of recovery events was to be the same as in Star
Fish Prime,

Reliance on a flywheel to supply stabilization to the pods was again
attempted. Indications from the certification test, Tiger Fish, had been
that the pods could be stabilized to within + 8° such that the instruments would
view the burst directly to within that uncertainty, However, in Star Fish
Prime, the two stabilized pods whose gyro motors attained full speed were
off axis over 40°, Certainty as to the cause of this deviation was lacking.
Consequently, the acceptance angles of the KF X-ray instruments were
increased to permit operation even in the event of a 45° misalignment

between pod axis and burst !ine »f sight.

5.3 INSTRUMENT MODIFICATIONS

The changes in instrument design for King Fish as compared to Star
Fish are specified in this chapter. The theory behind the operation of each
instrument has been given 1n some detail in Section 2.3 and Reference 3 and will

not be repeated here. A major design revision occurred with regard to only

185



one instrument, the plated hole gage which evolved into the spectral gage.
Other revisions were generally of a minor nature.

The following list presents the Project 8B instruments carried on the
rear bulkhead of each pod. In addition to these gages, certain devices from
other agencies, in particular Aeronautical Systems Division (ASD), Lawrence
Radiation Laboratory (LRL), Nuclear Defense Laboratory (NDL), and Air
Force Special Weapons Center (AFSWC) were included. Figure 5.1 maps the
gage array on both KF pods,and Figures 5.2 and 5.3 are photographs of the
two instrument bulkheads.

Instrument Number per Pod

Mk 1 Indenter

Mk 2 Indenter

Mk 3 Indenter

K-edge Detector

R/V Composite
Spectral gage

X-ray Calorimeter
Thermal Calorimeter
Metallurgy

Fracture

—
N NN O = N N 9 NV ® W b

Orientation sensor

A summary of some of the conditions and fluxes assumed for design

purposes during Phase [ of the KF program were:

KF Conditions Presumed for Instrument Design Purposes

X-ray Flux* K2

K3
Effective Source Temp.
Debris Arrival Time 1.5 to 2.2 msec
Air Density (95 kev) ~10"? gm/cm3

* The se values took into account the X-ray attenuation due to air

absorytion,
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5.3.1 X-ray Effects Instruments.

Impulse Recorders

The three types of indenter gages designed for Star Fish were again
used in King Fish. The total of fifteen gages was maintained; however, the
’ re

were three Mk 2 types and eight Mk 3 types instead of the four ang seven

respectively, for Star Fish,

Mark I Indenter (4 gages).

The following comments describe the changes to the KF Mk | indenters:
(1) The piston holes in the carbon shield covering the instruraent face were
cut back to permit a 45° acceptance angle. (2) The cap thicknesses for
both pods were as follows:

Cap Thickness
inch

Al-solid no cap

Al-cap . 006

Mg-solid no cap

Fe . 006

Cu .005

Zn .010

Sn . 004

Au . 004

Mark 2 Indenter (3 gages).

Changes in the Mk 2 indenters were as follows: (1) the piston holes in
the carbon shield were cut back to permit the piston faces a 45° field of view;
(2) the Devcon sample was eliminated; (3) each sample was repeated once
only; (4) the shadow plates, used to aperture the piston faces, were changed

from steel to aluminum; and (5) the samples for both pods were as follows:

Pod K2
Sample No/Pod Sampie Length  Piston Shell Aperture
inch inch
OTWR(U) 2 . 200 Aluminum . 40
OTWR(P) 2 . 200 Aluminum .40
Rad 58 B 2 .200 Aluminum .40
Avcoite | 2 .200 Aluminum . 40
GEFG 2 . 200 Aluminum .40
Teflon 2 . 200 Aluminum . 40
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Pod K3

Sample No/Pod Sample Length Piston Shell Aperture

inch inch
OTWR(U) 2 . 200 Magnesium . 44
OTWR(P) 2 . 200 Magnesium .44
RAD58B 2 .200 Magnesium .44
Avcoite [ 2 . 040 Magnesium . 44
GEFG 2 .200 Magnesium .44
Teflon 2 .200 Magnesium .44

Mark 3 Indenter (8 Gages).

The following modifications were made to the Mk 3 indenters:

(1) The case material was changed to aluminum. It was realized
during the data reduction program' for Star Fish Prime that an unnecessary
complication had be.n introduced into the analysis of the momentum transfer
from striker to piston by having the case and piston materials dissimilar
(iron case and aluminum pistons).

(2). The length of the control piston shank was reduced to preclude the
possibility of an easily deformed striker contacting it. The shank length
was 0,190 iach,

(3) The striker thickness for a given material was the same for both
pods. Conflicting requirements resulted in the criteria used for determin-
ing the final striker thicknesses. First, it was desirable for the strikers
to be as thin as possible to minimize attenuation and dispersion of the blow-
off pulse and to provide little time for disturbances from outside the case to
propagate to the pistons through the case flange. On the other hand, the
striker had to be sufficiently thick to prevent excessive heating of the piston,
which might result in expansion and sticking as well as in acoustic imped-
ance changes. Also, the striker had to be thick enough for the entire pulse
to pass the striker-piston interface before the return of the leading edge of
the twice-reflected wave.

Hence, two criteria were established. The aluminum piston should
become no hotter than 300°C 560°C being the melt temperature of Al).

This gave a minimum strixer thickness at each range. The second
criterion applied was that the striker be thick enough for the leading

edge of the pulse to make 'ne traversal of the striker in 2 microseconds.
It was assumed that in all sarnples the pulse length was less than 4 micro-
seconds and that the acoustic velocity for an elastic wave was a satisfactory

approximation to the real velocity. This second criterion dominated.
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It turned out that for most materials the same minimum thicknes, wis
indicated at both ranges. In the several instances where two different
thicknesses resulted, the differences were considered small enough to compro-
mise on a single thickness. There was one exception, however; two thick-
nesses of aluminum were carried in order to discern what effect, if any, a
thin striker would have on the momentum transfer.

The striker thicknesses flown in King Fish are listed below:

Material K2 K3
inch inch
CNP .25 .25
Avcoat II .21 .21
Be .625 .625
Graphite .28 .28
Polyethylene, CHZ .50 .50
Al .41 .41
Al .20 “-e-
Teflon .20 .20
CPG “ema .28

(4) Temperature sensitive paints were tamped into eight shallow holes
on the underside of each striker. Knowing the temperature near the rear
surface of the striker would have been necessary if a correction for the
temperature effect on the enhancement factor was later deemed important,

Metallurgy Experiment (10 gages).

No changes in the metallurgy instruments occurred except for the

widening of the hole in the carbon shields to permit a 45° look angle.

R/V Materials (7 gages)

The hole in both the carbon shield and the case was cut back to permit

a 45° look angle.

Fracture Experiment (2 gages).

The fracture gages were modified in the following respects: (1) The
case and carbon shield hole were cut back to permit a 45° look angle,
(2) the blowoff button diameter was increased to 0.5 cm, (3) the two lucite
cylinder lengths were changed to .445 and .23 inch. The spacer lengths
were adjusted accordingly. Failure of similar gages to fracture in the
Marshmallow event made it appear desirable to increase the probability of

fracture. Decreasing the lucite cylinder length accomplished this, and
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(4) the button materials were: K2, aluminum; K3, magnesium.

5.3.2 Diagnoutic Instruments.

Carbon Calorimeter (3 gages).

The carbon calorimeter design was changed as follows: (1) the carbon

shield and aluminum case holes were cut back to permit a 45° view, (2) a
third calorimeter was included on each pod but shielded such that X-rays
could not reach the calorimetric disk,yet thermal energy, such as emitted

by a fireball, could effect it (Figure 5,4).

K-Edge Instrument (2 gages).

The following changes were made in the K-edge: (1) The carbon shield

hole was cut back to a 45° bevel; however, the case hole was given only a
30° bevel, (2) the detector stacks were brought closer to the filter in order

to accommodate greater orientation misalignment (Figure 5.5), and (3)
filter thicknesses were revised because of the higher flux levels and lower

source temperature involved. The new filter and detector parameters are

presented in Tables 5.1 and 5. 2.

Spectral Gage (2 gages).
The spectral gage (Figure 5.6) was a modification of the plated hole

instrument used in Star Fish. This most recent form has associated with
it the same principles of operation as its predecessor. That is, the
impinging X-rays penetrate varying thicknesses of carbon, with the spec-
trum being attenuated selectively, and are absorbed by the detector metal
immediately behind the carbon. The position of the melt- solid boundary
line on the surface of the metal detector gives a point on an energy density
as a function of carbon thickness curve., This datum can, in turn, be
related to the character of the incident spectrum. By utilizing more than
one detector metal and by utilizing melt depth data, the spectrum becomes
accordingly better known. In Section 3.2 the technique for reconstructing
the incident X-ray spectrum has been presented in order to determine the
SF' spectrum; although the physical data used came from somewhat differ-
ent circumstances than those described here, the principles remain the

same.

170



As can be seen from Figure 5.6, a conically shaped piece of high'denuity
carbon was used to attenuate the X-rays. Two different detector metaly,
lead and chrome, were formed in the shzpe of a conical cup and spaceq
from the carbon cone approximately 1/16 inch. The chrome, in actuality,
was a heavy plating on a steel form; the lead was solid. The space betweepn
the carbon cone and the detector cup was vented to allow pressure reljef
for the vaporizing metal.

This arrangement was believed preferable to the previous design
wherein the detector metal was a thin film on the carbon. Experience in
Star Fish Prime indicated that identification of the phase change boundaries
in such a film was not possible, whereas identification of such boundarijes
in the Mk 3 indenter metal cases that had been shielded by the striker
" materizls was relatively straightforward. Thus, the present design
attempted to capitalize on the Star Fish experience. The one complication
introduced by the solid-block type of detector was the effect on the boundary
position by conduction of the heat into the block. This point has not been
treated in detail, but it appears to result in a negligible error,

Orientxtion Sensors (2 spikes).

In order to determine the off-axis angle and the roll angle of each pod
with respect to the burst, the most simple and direct method has been to
utilize the X-ray shadows cast by various protuberances on the rear of
the pod. Clearly, the longer the shadow cast, the more accuracy possible
in determining these angles. No projection specifically designed for these
measurements was included in Star Fish, and as a result, it was neces-
sary to use shadows cast by strikers and fittinge. The uncertainties in
the measurement were unnecessarily high, Consequently, for King Fish
two 3-1/4 -inch spikes were attached to two rear bulkhead instruments
such that regardless of the burst direction one of the spikes would project
a shadow on the rear, if the off-axis were within 450. Because the height
of the spike tip above the surface could be determined precisely before-

hand, the subsequent calculations would result in very small errors.

\f)agmliz {193 dditid..
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Figure 5.3 Instrument plate,

176

Pod K3. (ARA photo)

3
[P T ———



“..-"' ALUMINUM

&E , 5 SHIELD

Lid

i [ |

]

I i
cameon T -
e = | S
r - T

L e I
M= _)‘\N CALORIMETER

CASE

FILTER

CARBON -

SHIELD \

INCHES

Figure 5 K-edge instrument, Shot King Fish.

177



CARBON
SHIELD ATJ

AR AN

DETECTOR SHOCK
8LOCK PAD

INCHES

Figure 5.8 Spectral gage, Shot King Fish.

178

THREADED
PLATE



CHAPTER 8
RESULTS

The Thor missile was launched at approximately 1155 Zuly, | November
1962. Prior to launch, all pod systems appeared to be fu.nctioning satis.
factorily. The Thor trajectory was good, and pod release signals were
received as planned. Tracking information indicated that the pods were
not tumbling.

Shortly after dawn, Pod K2 was located by one of the recovery veggel,
and returned to the island by helicopter. Examination of the pod showed it
to be severely damaged by water impact, which apparently occurred at 5
nearly horizontal attitude.

Ag shown in Figure 6.1, the rear bulkhead on which was mounted
all the X-ray instrumentation had separated fron: the pod structure and wa,
lost at sea. Some of the secondary instrumentation, particularly those
gages mounted on the internal pod structure were recovered. Pod K3
was not recovered, and all the instrumentation on board was lost. The nose
cone and portions of the recovery package of this pod were later located,
indicating that severe damage occurred at water impact.
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CHAPTER 7
CONCLUSIONS AND RECOMMFNDATIONS

Failure to recover any of the Project 8B X-ray instr iments due to
breakup of the pods following severe water impact permits no conclusions
to be reached concerning the King Fish X-ray phenomer.a.

Two recommendations for future operations involving instrument pods
cf this type are advanced: (1) Reused recovery equipment must be avoided.
(2} A long coiled cable or chain attaching the instrument plate to the pod

body and tucked inside the pod might prevent loss of the plate even if it is
sheared off,
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APPENDIX A
CERTIFICATION TEST, TIGER FISH

A.1 TEST CONDITIONS

On the Tiger Fish shot of 2 May 1962, three pods of the type de-
signed to carry the X-ray instruments in Star Fish were launched into
a trajectory planned to simulate the Blue Gill and Star Fish sequence of
events, with the exception that there was no nuclear detonation, This
event afforded an overall systems check on the Thor and on telemetry.
sequencing, pod performance, and the recovery equipment operation.

In addition, this test gave Project 8B an opportunity to observe the
performance of the X-ray instruments when subjected to launch, re-entry,
and recovery conditions, without nuclear inputs, In this way, it was
believed, any obvious design defects might be brought to light and non-
X-ray impulsive or thermal inputs estimated. Thus, in two of the three
pods, Cl and C3, a prototype of each instrument was carried, except
for the Mark 3 indenter which was not available at the time.

At launch, the gyro motor in Pod Cl was inoperative, so there was
no stabilization of Cl during its free flight, Its motion was one of
random tumbling. From telemetered accelerometer data, it is apparent
that upon initiation of re-entry, Pod Cl was oriented tail-first, and al-
though it reversed itself quickly, there was sufficient heating to produce
high temperatures on the rear bulkhead and thermal damage to various
instruments. The drogue and main chutes, scheduled to open just after
re-entry and provide a low velocity water impact, failed; it has been
surmised (Reference 24) that the reversed orientation at re-entry pre-
cluded the subsequent events necessary to arm and trigger the chutes,
As a result, Pod Cl impacted at high velocity, and almost horizontally,
Hence, an abnormally high and wrongly directed impulse was experienced
by the X-ray instruments at water impact. Add to this the abnormal re-
entry heating of the instruments,and it is clear that, except for a certain
academic interest, the data contained by the Cl gages is of minimal value
to Star Fish interpretation. A brief description of the Cl gages and their
conditions will be presented shortly. On the other hand, Pod C3 followed
through its programmed sequence adequately for the stated purposes.
Although the gyro motor was not operating at full rpm and an appreciable
wobble developed, the stability of the pod was sufficient to result in a normal
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re-entry and chute deployment. Consequently, the impulsive and therm N

a
data gathered from both the telemetry and X-ray instruments of C3 are
applicable to the data reduction and analysis of Star Fish,

A.2 POD C3 INSTRUMENTS

A careful examination of the various C3 X-ray instruments wag made
and disclosed that, except for the two indenters aud the calorimeter, the
gages returned ii essentially their original conditions,

Fracture Gages. No discernible effects; returned in essentially original
condition.

Metallurgy Gage. No discernible effects; returned in essentially original
condition.

R/V Qage. Carbon shield cracked; otherwise in essentially original
condition.

Plated Hole Gage. No discernible effects; returned in essentially origi-
nal condition.

K-Edge Gage. Only four filters and five detectors were installed. Of

these, only a mylar filter was broken. Examination failed to resolve
during which phase the tear occured. Otherwise the instrument was
essentially unaffected. The detector laminations had remained distinct,

Carbon Calorimeter. No color change was found in any of the temper-

ature elements, thus indicating the peak temperature of the calorimeter
was less than 65°C (150°F). Telemetered temperature data indicated a
slightly higher back plate (outside surface) temperature near 200°F,
Evidently, the brevity of the peak temperature experienced by the calori-
meter prevented its being registered. That the calorimeter became
appreciably heated, however, is evidenced by the fact that the crayons
became tacky and in some instances flowed; these crayons melt at
temperatures that are lower than their indicating temperatures, The
heating of the calorimeter i1s ascribed to the re-entry environment,

Mark 1 Indenters. Two modest indents were found on the anvil of

this gage, although all four pistons had fired. The two indents, 1.l and
1.05 mm in diameter, indicated that terminal piston velocities of 470 and
506 cm/sec, respectively. nad been reached. This gage had piston-
restraining springs which. statically tested, would let the piston pass under
a 50-g load. It is interesting to note that the peak deceleration during
re-entry (acting in the direction to fire the piatonl)' was measured through
telemetry at about 40 g's. Thus, it is clear that the firing of the Mark 1
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pistons was marginal and apparently is confirmed by the fact that only
two indented. If the acceleration of the pistons necessary to produce
the observed indents is calculated, it is found that it is on the order of
70 g's. This figure is somewhat higher than the 40 or 50 g's mentioned
but in the proper range. That two pistons passed the restraining spring
but did not indent would indicate that they did not fire during re-entry
(the scratch pattern on the anvil made by the two fired pistons during
re-entry buffeting tend to confirm this supposition). It seems likely
that at sometime during the pod's water entry and submersion they were
forced out, perhaps by water slapping over the rear or by hydrostatic
water pressure, less than a meter-high water column being sufficient.

Mark 2 Indenter. No meaningful indents were found on the anvil of

this gage. In addition, one piston had not overcome the restraining
spring, yet wae not frozen or bound in its hole. Since the static release
loading was high compared to the Mari 1 gage, about 159 g's, and the
Mark 1 firing was only marginal at a telemetered re-entry deceleration
of 40 g's, it is certain that the three passed pistons did not fire during
re-entry. (It should be noted that the Mk 2 restraining springs were later
changed to those identical with the Mk 1 springs for SF'.) Furthermore,
had they fired then, indents similar to those of the Mark 1 anvil would
have occurred (the restraining springs extract only a small fraction of
the piston's kinetic energy). Hence, it is concluded that the pistons
fired during water entry and submersion———a submersion depth of five
feet would have provided the necessary hydrostatic pressure.

Conclusions. The information gathered from an analysis of the C3
instruments agrees with the temperature and acceleration history pre-
sented by the telemetry instrumentation of Reference 24. The various
gages have established certain effects and/or background signals one
can expect from the re-entry and water impact environments. That is,
any Mark 1 pistons not f{ired by the X-ray impulse have a marginal chance
of being fired during re-entry. Any Mark 2 pistons not fired by the X-ray
impulse will not be fired during re-entry. Any pistons not fired by either
effect will probably be pusned through during water entry and probably
will not indent. Any temperature of 150°F or higher recorded by the
calorimeter will not be the result of re-entry heating but rather of X-ray

deposition and heating.
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A.3 POD Cl INSTRUMENTS

Inverted re-entry and unretarded water impact rcsulted in substantial
damage to all Cl instruments. The back plate was bent out, thus de-
forming some gages. The following descriptions are deliberately not
extensive.

Fracture Gage. The entire lucite cylinder had been heated and
softened from top to bottom as evidenced by its warped shape and the
impressed grooves of every O-ring. A hole, approximately 3/64 inch
deep was burned into the cylinder at the exposed end. A black greasy
film covered the top.

Metallurgy Gage. The front face of this gage was warped from the

deformation of the Cl back plate. The metallurgy sample was in
essentially original condition except for a black greasy film,

R/V Gage. The Avcoat I sample partially ablated and was covered
with a black greasy film. The foam backup melted,

Plated Hole. The carbon diske were apparently unaffected. However,
the chrome plating had disappeared except for what appeared to be a
few chips near the rear.

K-Edge. All the filters were burned out. The detector stacks were"
partially melted.

Carbon Calorimeter. Because the temperatire crayons had been

applied too generously, most had run out of their holes and into others,
making analysis difficult, However, it was determined that the calori-
meter reached a peak temperature of betwen 350°F and 660°F. This is
consistent with a telemetered backplate temperature of over 400°F.
Mark 1 Indenter. Ail four pistons fired and indented with terminal

velocities of about 400 cm/sec, which would imply a deceleration of
50 g's to account for the indent diameters. Also, the restraining
springs permitted firing under a 50-g static load. The telemetered data
indicated that, upon righung itself during re-entry, the pod experienced
a peak deceleration of 40 y's. This figure agrees closely enough with
the estimated 50-g piston acceleration to conclude that firing occurred
during re-entry.

Mark 2 Indenter.  All :our pistons had fired and indented. However,

in this case it is believed ::at firing did not occur during re-entry but
rather upon water impact. The piston-restraining springs of the Mark 2

required a loading of about i50 g's to fire, considerably higher than the
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40 to 50 g's e¢stimated during re-entry. Also, the face of each piston
had been partially blackened, probably by re-entry products, thus con-
firming that the pistons were in place during at least part of re-entry.
That the pistons fired on water impact is the tentative conclusion. Since
the parachutes failed to deploy, the pod struck the water at full terminal
velocity. The impact deceleration could well have reached several hun-
dred g's momentarily. And because of the 30° angle to horizontal of the
pod, the observed shift in the whole indent pattern of 1/8 inch away from
the true anvil center then becomes understandable., The indents measured
required high piston velocities of about 800 cm/sec, or a pod deceleration
of 195 g's. This figure is consistent with the water impact firing
hypothesis suggested.

Conclusion, Pod C1 experienced severe thermal and deceleration
loadings as evidenced by the condition of the X-ray instruments. The
data extracted from these devices is consistent with that from the tele-
metry instruments. However, the information is not considered especially
applicable to the analysis of gages from a properly functioning Star Fish

pod.
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APPENDIX B
LEAD ANVIL CALIBRATION

In order to reduce the raw impulse data obtained in the form of
conical indents in a lead anvil, it is necessary to know the relation be-
tween the hole size and the piston energy that produced it. It should be
mentioned that experience with similar arrangements has shown that over
several decades of energy the hole volume is in fact just proportional to
the kinetic energy of the piston. At very high energies, higher than
those found in the Star Fish data however, the proportionality fails; see
for example, Reference 3.

The calibration performed to establish the energy-hole volume re-
lation was quite simple. Pistons similar to those used in the indenter
gages were dropped from various heights into spare lead anvils which
had been cast at the same time as those used in Star Fish. The pistons
were made relatively stable aerodynamically with the addition of small
very light foam tails. Just prior to impact, the piston was photographed
stroboscopically so that,after certain corrections were applied, the ve-
locity of impact could be cal¢ulated. Figure B, 1 illustrates the calibra-
tion setup.  Since the mass of each piston was known, the kinetic energy
could be calculated, and from each indent, one point on a KE va hole
volume curve was obtained,

In truth, rather than dealing with the inconvenient quantity of hole
volume, it was possible and preferable to measure only the hole diameter,
or the minor axis of the surface ellipse in the case of tilted impacts.

It may be shown that the hole volume for tilted impact is obtained if the
minor axis of the surface ellipse is used in place of the diameter in the
equation for the volume of a conical hole. Hence, the calibration curve
was set up as KE vs. hole diameter or minor axis. The calibration curve
resulting from almost three dozen piston drops is shown in Figure B, 2.
Several comments are in order,

First, it is clear that over the energy range involved the KE "
(diameter)> relation holds. The piston energies did not go quite high
enough into the 10 erg decace to cover all the Star Fish data, but the
extrapolation is believed to be h:ghly accurate. The reason is that in
all other such calibration tests (for example, see Reference 3 again) the
proportionality holds to almeat the lO8 erg decade. The higher energies
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were not checked because higher piston drops were not pracy.
cal (the highest velocity pistons fell from a three-story height). It would
have been possible to increase the piston mass, but it was decided not to
deviate from the original Star Fish piston mass by more than a factor of
two, Consideration was also given to firing the pistons from an air gun
arrangement, but preliminary experiments indicated that more effort would
be required than was warranted.

It was of interest to permit the pistons to impact at various angles and
observe how well the calibration held at extreme tilt angles on the order of
30°. Because the pistons fell unguided, they impacted randomly at various
angles. Referring to Figure B. 2, it is clear that the deviations of the
highly tilted indents from the drawn line are not more than the less tilted
indents. This means simply that the hole volume is still proportional to the
piston energy even at large impact angles.

The calibration curve of Figure B.2 was used to reduce all the indenter
gage data. It is interesting to note that the lead used in the Star Fish anvils
was slightly harder than that used in the previous test operations. That is,
to produce a given indent size, the piston energy required was higher. The

necessity of anvil-piston calibration is thus demonstrated,

The tilt angle, 6,0f each indent was measured in the following way
(refer to tha accompanying sketch). The length of the major axis, L, was
measured. The distance, a, along the major axis to the projected hole

botton was measured. [t 1s 2 simple matter to prove the following relation:

sin A = . 866 (l-2a/L)

lF!STON AX18

From this equation tne * .t .~gle of each indent could be determined within an

accuracy estimated at ab. .t * 3°,
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Figure B.2 Indent calibration curve for aluminum piston and lead anvil.
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APPENDIX C
PISTON RESTRAINING SPRING CALIBRATION

The restraining springs pressing against the indenter pistons were
necessary to ensure that prior to the X-ray-induced impulse the pistons
remained in position. That is, the springs prevented the pistons from
firing during handling or from lofting accelerations. The design of these
springs was such that accelerations of up to about 40 g's would not fire
the pistons. Missile accelerations prior to re-entry were below this
value, and as a result only one piston in the Star Fish indenters was
known to have fired prior to burst time.

However, it is obvious that the restraining springs absorbed part of
the kinetic energy of the piston when it did fire. The velocity of the
piston toward the anvil was less in every case than if the springs had
been absent. Hence, the impulse recorded on the anvil is slightly less
than ‘that delivered to the piston. To correct the impulse data obtained
from the anvil indents to the true impulse, the relation between the
piston velocity before and after spring release is required. It should be
noted that the piston is considered to have received a velocity instantaneously,
i.e., in a time not comparable to the time of spring release. This
assumption is probably accurate for the reason that,during the time to
release, the blowoff pulse trapped within the piston made on the order of
100 internal reflections from each end. The irregularity of the piston
combined with the effects of dispersion should result in a smooth flow
of the entire piston at its final velocity well within the time to release.

The relation between the instantaneous initial piston velocity, v, and
the velocity after release. v, will now be derived, subject to the
assumption mentioned. The piston and two restraining springs constitute
a familiar spring-mass arrangement within the limits of release displace-

ment, see sketch.

V/ /
v L—- SPRING
) L}

!ms'o~>

v

~~ SPRING
4
P
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The motion of this system is described by the following equations:

mx(t) = -kgx(t)
k(o) = v,
x (o) = x4

where:
m = piston mass (gm)
x(t) = displacement of piston at any time t (cm)
k = spring constant (gm/cm)
g = 980 cm/sec?
v, = theoretical initial piston velocity (cm/sec)
X, = piston distance which spring is preloaded (cm)
The solution of the above equations is the familiar
v 3
x(t) = u° sinw t + x5 cosw t (Gl)
o
where:

wy = ¢ k/m

If Equation C.1 is differentiated, squared, and added to (wox)2 it can be
shown that

v
uol s x® = woz{( - uz-)z + xoz} (G2)

and by some further manipulation,the velocity of the mass at the instant

of release is just

Ve vy {l - _Hk (er - VOZ} (C3)
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where: v_Z X the piston velocity at spring release (cm/sec)

r r

ol
n

displacement at which release occurs (cm)

The square root factor in Equation C.3 tells what fraction of the impulse
delivered to the piston remains with the piston after having cleared the

restraining springs. This factor must be applied to the measured im-

pulse data to retrieve the correct impulse. Let us define

. , L2
8 ={1 . ;:'KOT (x5 - xo)} (C4)

Now, the evaluation of g as a function of piston energy, 1/2 mvg,
requires the experimental determination of three parameters: spring
constant, k; preloading displacement, Xo; and release displacement, x,.

A series of measurements was made to determine these three
parameters. Three unused SF' Mk 3 indenter cases were selected at
random and loaded with Mk 3 pistons also chosen at random. The re-
sults from these Mk 3 cases can be applied to the other two types very
easily as will be shown later; the only essential difference is the dis-
tance through which the pistons are preloaded, x,.

As might be anticipated, the effective spring constant varied some-
what from piston to piston. In addition, small machining and asgembly
inaccuracies were reflected as significant variations in spring behavior
because of the small area of contact between spring and piston. Never-
theless, because a number of pistons were studied, an average or
typical spring constant could be deduced.

The procedure used was to load a given piston with successively
greater weights and note the successive displacements from the initial
position. The travel of a microscope focused on the piston surface was
measured micrometrically for these data. The reproducibility of any
given weight-displacement value was only fair, to within + 2 mils or
so, because of the spring-piston contact irregularities. Each datum point
presented in Table C.] represents the average of several determinations,
and the displacements are uncertain to + 2 mils. It is because of

this uncertainty that nine different pistons in three different cases were

tested.
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In Figure C.1, the weight vs. displacement data are graphically
displayed. The solid line running through the center of the data poir
was found from a least squares calculation; the two dashed lines wer
drawn by eye to show the limits within which most points fall. The
zero displacement position on the abscissa is the rest position of the
piston in the case, while the backward intercept of the solid line wit
the abscissa shows the effective zero position if the springs were all
to come to their nonstressed or zero position. The slope of the sol;
curve gives the spring constant of the average pair of springs and is

k=63%101b/in

or
k

(.12 ¥ .19) x 10% gm/em

Although the variation in k is not small, t 16%, it can be shown
that the resultant uncertainty in the piston velocity, Ve is miniscule,
For the range of piston energies being dealt with in Star Fish, the
certainty in v. from a 16% variation in k is less than 2% for piston
velocities as low as 200 cm/sec, and is less than 1/2% for velocities
of 500 cm/sec. Hence the spread in data in Figure C.1 is not im-
portant with regard to impulse data corrections, and the least square
value for k can be used consistently.

In Table C.2 the data necessary for the determination of typical
values for X, and x, are presented. The preloading displacement, x
is simply the intercept value in Figure C.1 plus the distance beyond
case that the piston end projects, or

x, =13 x 1073+ projection (inches)
Since the Mk | and 2 pistons do not project, the values of x, are:

13 x 10-3 inch

Mk 1l ..., X =
° -3
Mk 2 ........ x =13 x 10 "
° -3
Mk 3 ..... x = 24 x 10 "

The average projection of the Mk 3 pistons, as given in Table C.2 is
11 x 10”2 inch,

194



In order to determine x., the release distance, the pistons were
pushed inward until one spring was passed and then farther until the
second spring was passed. The displacements were noted for each
piston and tabulated in Table C.2. Because the piston cocked slightly
after having passed the first spring, the distance measured to the pass-
ing of the second spring is believed to be greater than that which
actually occurred in Star Fish. The average distance between passing
both springs'has been chosen as a reasonable compromise for X, or:

L]
"

(0.043 + 0.013) + (0.071 + 0.013)
l

0.070 inch

It can be shown that, as before, variations or uncertainties in x  are
reflected into uncertainties in v, much reduced for the piston energies
being dealt with in Star Fish. With a 20% uncertainty in x , the re-
sultant uncertainty in v, is about 1 1/2% for piston velocities of 500 cm/sec.
Thus, the compromise, or most likely value for x, given above, is
sufficiently accurate.

The three unknown parameters, Kk, X and X, having been deter-
mined, it is possible to evaluate the correction factor p from Equation
C.4 interms of different piston energies. This factor is presented in
Figure C.2 as a function of 1/2 mvoz; Figure C.3 shows 8 as a function
of 1/2 mvrz and was determined from Figure C.2 and Equation C.3. It is
obvious from these two figures that the effect of the restraining springs on
the piston velocity was small in all cases except the very slowest pistons.
For example, a Mk 3 piston given an initial velocity of 500 cm/sec was
slowed only about 2% by the springs, the measured impulse deviating from
the initial value by only 2% In Figure C.4 the initial energy is related
to the measured energy directly,

It is interesting to note that a minimum energy, and hence impulse,
existed below which a piston would fail to pass the restraining springs.
This energy is 1.53 x 10* ergs in the case of a Mk 3 indenter. This
energy would correspond to a minimum impulse of Jmin =21 x 10Z taps.

The minimum energy for a Mk 1 or 2 piston is 1,67 x 10" ergs.
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TABLE C.2 PISTON TRAVEL DISTANCE TO FIRE

Projection Pass Pass
Case Piston of Piston One Spring Second Spring
010 3 553 Jch 5
051 1 .012 . 054 -
051 2 . 011 . 044 -
051 3 .0l0 . 040 . 075
051 4 . 010 - -
007 1 . 009 . 049 . 069
007 2 : .012 - -
007 3 . 010 . 035 . 076
007 4 . 009 . 034 .074
Average: L0l1 043 .071

True Zero -

0 - S,

B § _:1'2

7 —
SPRING A
PISTON
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APPENDIX D
RESUME OF THERMAL, PHYSICAL,AND X-RAY PARAMETERS

The data presentad in this appendix represents those values used in
various calculations performed during the Data Reduction Program,

Table D. ilists the densities, acoustic velocities, and melt energies
for various materials. With regard to density, the measured values were
generally close to those stated in the literature, but in certain instances
the measured value was used. The X-ray coefficients for the materials
which were pertinent to either the spectral gages or the spectral data
reduction effort are presented in Figures D1~ D3, The curve for CNP

was computed on the basis of its composition as given in Reference 27.
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TABLE D.1 THERMAL AND PHYSICAL DATA

Ene r‘y to Melt Sound .
Material Melit Temp. Velocity Density References
cal/gm °c cm/sec gm/ em’
Graphite . 3650 . 1.78 ° 26
(R/V Shield) .
Graphite, ATJ . 3650 2. 25x10° © 1.70° 26
SA0101
(Striker Plate)
Beryllium §. ox102 1284 12. 8x10° 1. 84 20, 21, 26
Aluminum 2, 3x10% 660 5. 2x10° 2.7 21, 22, 26
Sulfur 0. 35x10% 120 . 1.95 26
Chrome 2. 7x10% 1550 . 7. 14 21
Iron 2. 3x10% 1540 5. 1x10° 1. 87 21, 22, 26
Gold 0. 6x10% 1063 2. ox10° 19.3 21, 22, 26
Lead 1. 7x10% 127 1. 2x10° 11. 34 21, 22, 26
Devcon - - - 2. 21 b -
(iron-epoxy
composite)
Avcoat-2 - -
Polyothylono,CHz - -
C-124 . .
CNP . .
GEFG . .
Teflon - - -
Avcoite - - -
OTWR(U) . . ]
Rad 58B . . ]
TWNP . ] )

“This includes not only the latent heat of melting but also the energy to raise the
material to its melt temperature from 0°C,

bMeuured at ARA.
SCalculated from data supplied by National Carbon Co.
9Based o.. data supplied by AFSWC.
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Figure D.1 X-ray absorption coefficients, Au, 8, C.
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Figure D.2 X-ray absorption coefficients, Be, CH,, C-124, Al, Pb.
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ABSORPTION COEFFICIENT wu/p cr/cm)
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Figure D.3 X-ray abeorption coefficients, Cnp, 303 steel, Cr.
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