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ABSTRACT

A series of hypervelocity impact experiments was con-
ducted using the light gas gun facilities at IITRI. The
program was conducted in three separate phases:; one dealing
with microparticle impacts, one with measurement of dynamic
deformation in single-plate targets above and below the
ballistic limit, and one covering measursment cf impact-
produced radiation in a reduced atmosphere. All the test
data and observations for each phase are included in
separate sections of this report since each series is
independent of the other.
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EXPERIMENTAL HYPERVELOCITY IMPACT RESEARCH PROGRAM
SUMMARY

The gencral purpose of the program was to measure vari-
ous physical phenomena associated with the hypervelocity
impact process. The program covered a very broad spectrum
of measurements and, for convenience, was divided into three
phases.

In Phase I the threshold velocity for various sized boro-
silicate microspheres (20 to 260 microns) was determined for
various aluminum and stainless steel Pegasus targets.
Essentially the highest velocity with no penetration and the
lowest velocity with penetration were determired for select-
ed ball size and target combinations.

Phase II determined dynamic deformation on the rear sur-
face of aluminum targets. In these experiments the mass of
the aluminum projectile and its velocity was held ccnstant
(within the limits of the launcher) and the target thickness
was varied. A range of conditions from penetration through
spall and below the spallation limit was examined. Mea-
surements on the back-face of the targets were made with
sequential flash X-rays and optical lever techniques.

In Phase III, a series of measurements was made for
flat impacts of adisk-type projectile. Included were
sequential flash X-rays of the bubble on the back face of
the target and image-converter pictures of the bubble, both
self-illuminated and back lighted. In aspecial high-vacuum
target chamber, measurements of the following were made:
the charge on the projectile prior to impact (in range
vacuum) ;: the ionization charge cf the fragment bubble off
the back face of the target; the total integraced light;
and certain other spectral bands of radiation.

INTRODUCTION

A series of hypervelocity impact experiments was con-
ducted using the light gas gun facilities at IITRI. The
program was conducted in three separate phases; one de 'ing
with microparticle impacts, one with measurement of dynamic
deformation in single-plate targets above and below the
ballistic limit, and one covering measurement of impact-
produced radiation in a reduced atmosphere. All the test
data and observations for each phase are included in
separate sections of this report since each series is
independent of the other.



TECHNICAL DISCUSSION

Phase I Microsphere Experiments

The objective of Phase I was to conduct a series of
experimental light-gas gun firings of various borosilicate
micron-sized spheres against various aluminum (Pegasus
2024T3) and stainless steel (Type 304) targets. Table I
shows the range of sphere sizes and target combinations
for these experiments. For each of the seven combinations
listed in the table the lowest velocity that would result
in penetration of the target and the highest velocity that
would not penetrcte the target were to be determined.
Essentially the threshold velocity for each ot the combina-
tions was to be determined. Table I also lists the ex-
pected range of velocities for each combination.

In previous studies, 380-p-diam borosilicate spheres
were fired successfully. Velocities up to 22,000 fps were
obtained with .22-caliber sabot-launched projectiles.
Launch techniques based on this previous experience were
used for the microsphere experiments.

Before the firings could be conducted, it was necessarv
to:

(1) obtain adequate supplied of borosilicate
spheres,

(2) select z2nd grade microspheres for each
of the five sizes selected,

(3) develop techniques for loading the smaller
spheres into the sabot that minimize ball
breakup during launch, and

(4) develop instrumentation methods to deter-
mine ball velocity.

These tasks were undertaken simultaneously during pre-
liminary firing tests. Experimental firings were then made.
First, at the higher velocity to determine that penetration
could be made within the capabilities of .22-caliber light-
gas gun; then, for the targets in which penetration was ob-
tained, firing conditions were changed to lower the velocity
to ensure no penetration. Velocity was vuried between these
limits to establish the actual threshold velocity.
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TABLE I

FOR MICROSPHERE FIRINGS

SPHERE/TAKRGET COMBINATION REQUIREMENTS

Expected
Combina- Velocity
£toa Sphere Target Range,
o’ f£ps) |
1 50-p-diam 2-mil stainless 15 - 20
borosilicate steel
2 50-p-diam 1.5-mil Pegasus | 12-18
borosilicate
3 50-p~diam l-mil stainless g-15
borosilicate T
4 40-p-diam l-mil stainless IS5 =22
borosilicate steel
5 20-p-diam l-mil stainless 20 - 25
borosilicate steel
6 130-p-diam 8-mil Pegasus* 10 - 22
borosilicate
7 260-p-diam 16-mil Pegasus* 10 - 22
borosilicate

*
Only the outer skin of 2024T3 aluminum for Pegasus
targets is to be considered in the penetration study.
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spheres in the approrximafe size ranges were su;plied by
Micro Beads Incorporated. Thuse spheres as received were

a mixture of size ranges composed of hollow spheres, solid
spheres, and fragments, as well as of gquasispherical shapes.
The object. of the classification was to cobtain a seiected
number of solid spheres within a specified size range. The
initial size requirements were

100 balls: 260-u + 19-u
100 balls: 130-¢ + 10—
300 balls: SO- + S
100 balls: 30-u + 2
100 balls: 20— * 2

The samples were initially classified to eliminate the
obvious nonspherical particles. Spheres of approximate size
were carefully rclled back and forth in a petri dish. The
solid spherical particles usually collected at one end of
the dish much faster than the fragments and nonspherical
particles. Observation cf the particles under a microscope
by simultaneous transmitted light and reflected side light-
ing indicated whether the particles were solid or hollow.

The 260-: spheres were then transferred under the
microscope and cbserved one at a time. The spheres that
were symmetrical, solid, and within the specified size range
were carefully transferred to> a vial using a finely tipped
tweezer.

The 130-: spheres were also selected individually,
using the same procedure. Later, a sieving method was used
to obtain a2 greater number of spheres.

The 50-u spheies were 2lsc selected individually.
However, 300 5C-u balls are -.eguglble in mass for adequate
transfer from the vial to sabot. Therefore, a sieving meth-
od was initiated. A sample ftraction was obtained of spheres
that passed through a standard 270 mesh sieve (53-:.), and
were retained on the 400 nickel mesh sieve (48.86-y). The
fraction on the 400 sieve was then tapped to plug as many
openings as possible. The spheres that remained in the
opening were then removed by more wvigorous tapping and saved.

A sieving method for 30-4 spheres was complicated by the
fact that sieve material of the desired 30—y was not avail-
able. Instead micromesh sieves were used to obtain the frac-
tion that passed through the 39.6-yp sieve but did not pass

uu.uu-.,u the &6, '\—“ sieve. \
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Micromesh sieves wore also used to obtain the 20-p
spieres. The spheres that passed through a 21.6- sieve
but were retained on the 18-y sieve were saved. FPolaroid
pictures of the size fractions from the samples are shown
in Figure 1l. For the subsieve ranges (less than standard
325 mesh (44-u)) a sieve material called electromesh or
micromesh was used. This micromesh material is specially
made by electrodeposition on a master sieve and results in
& uniform opening without the usual twist-and-turn of regu-
lar sieve material. The desired size fraction can be ob-
tained from two closely size microsized mesh materials. To
obtain a more uniform product, a technique of purposely plug-
ging the opening of a micromesh sieve was used. The more
spherical balls would fit into the square openings and lcdge
quite snugly at four points corresponding to the sides of the
opening. An extra sharp tap results in balls of similar size
dropping out to be collected. This technique offers poten-
tial for future studies. The micromesh material {Cu or Ni)
with spheres held in the openings could be selectively dis-
solved, either chemically or electrolytically, and the un-
dissolved balls then collected on a membrane-type filter.
Figure 1(f) shows a micromesh sieve with a few glass spheres
attached to the opening.

Sabot and Sphere Loading. - Previous experience has shown

that multiple loading cf projectiles with diameters of 1/32
inch and less is practical for sabot launching in the light-
gas gun. In adZition, it was essential that the loading be
made in a singls layer, to prevent projectile damage or break-
up during launci.. Figure 2 illustrates the action of the sabot
and spheres with the multilaunch technique. Before loading
the balls, a thin film of light oil was placed on the flat
surface of the sabot courterbore. The 260- and 130-u spheres
were individually hand-loaded into the counterbore and re-
tained by the oil film. Handling spheres of 50-4 or smaller
diameters in this manner proved impractical, hence these were
loaded by a simple transfer method. A 0.050-in. diameter
(diameter of counterbore) rod was ground square and polished.
Wiping this end with a finger left enough oil on the surface
tc permit picking up the micron spheres. When the end of the
rod was coated with a layer of spheres it was inserted into
the cavity of the sabot. The relatively thicker oil film on
the sabot then retained most of the spheres when the rod was
removed. It is reasonable to assume that the minute amount
of oil on the sphere is burned off in the flight down the
range, ory, at least, the mass of the oil is insignificant
when the ball impacts the target.

As illustrated in Figure 2, the balls lagged behind the
sabot and were dispersed along the centerline of the range.
The poor ballistic density of the microspheres caused this,



M J: 120X Mag: 100X
(a) 260-u-diam Spheres (b) 130-u-diam Spheres

Mag: 100X Mag: (00X
(c) 48.6-pu-diam Spheres (d) 39-6-yu-diam Spheres

Mag: 100X Mag: 100X

(e) 21.6-p-diam Spheres (f) 39.6-u-diam Spheres
in micromesh Sieve

Figure 1 Typical Borosilicate Projectiles after Screening
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with the result that the sabots impacted the catcher plate
ahead of the spheres. The ejection from the sabot impacts
formed a screen of particles which intercepted the spheres.
This resulted in ball breakup and few, if any, spheres
survived to impact intact on the target. This problem was
overcome by the addition of a snorkel tube or the catcher
plate. The snorkel tube, extending up the range, provided
a protective shield through which the balls could pass,
without danger of interaction with the particles generated
from the sabot impact.

This technique was successful in obtaining clean ball
impacts on the target. Some shots were lost, however, when
an odd or poor separation of the sabot ook place. This
caused the sabot to enter, or impact on the end of, the
snorkel tube, which resulted in ball breakup and heavy
debris impact on the target.

Range and Launcher. - The hypervelocity range facility and
launcher are shown schematically in Figure 3. The launcher
was an accelerated reservoir-type light-gas gun consisting
of a gun powder chamber, a 20mm pump cection, a high-
pressure section and a smoothbore .22-caliber launch tube.

The range section had three basic components; a blast
tank, a range section, and a target chamber. The blast tank
served to expand the gun gases following the projectile and
provided space for aerodynmaic separation of sabot sections.
The range section was equipped with regularly spaced viewing
stations at which were located the velocity detectors and
image converters. The target chamber contained the sabot
catcher target and was equipped with ports for measuring
the ball velocity.

Instrumentation. - The basic instrumentation used for these
firings is shown schematically in Figure 4. The system em-
ployed five photomultiplier tube detectors to measure the
fligut time between fixed stations for the calculation of
sabot and ball velocity. A pair of image converters was
employed for verification of the sabot velocity. Photo-
graphs made with the image converter do not resulve projec-
tiles much smaller than 1,64-in. diameter, thus direct veri-
fication of ball velocity for the very small sizes could not
be made. For these firings, the range was evacuated to
400-1, which was sufficient to render the Zelux sabot sec-
tions luminous as they travel past the detector stations.
The phctomultipliers at A, B, and C were triggered by this
signal.
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|Target
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-

O

Oscilloscope 3
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Figure 4 Schematic for Hypervelocity Range Instrumentation

10

L‘



(- —-—— - ——

AN
PN S eee ese oD GED D O oD G GED uiy swew e

The verified velocity of the sabot was obtained when
both image converters photograph the sabot at stations B
and C. The field of view on the image view converter was
approximutely 2 in. in diameter, which means that at a
velocity of 20,000 fps the projectile was in the field or
view for 8 usec. This meant that, to record the sabot at
the station, the trigger time had to be within + 4 psec.
The trigger level was a function of both the bias in the
trigger circuit and the luminosity of the sabot.

Since the microspheres could not be resolved on the
timage converter photographs, direct verification of the
ball velocity could not be made. An indirect means had to
be devised to measure the ball velocity. For this purpose
the ball impact flash in the target chamber was monitored
by fiber optics and a photomultiplier, as shown in Fig-
ure 3 and 4. The time between when the sabot was at the
image converter station and the impact flash on the target
was recorded on oscilloscope 3. This time and the sabot
velocity was the basis for calculating the bail velocity.
Two assumptions were made: (1) the average sabot velocity
measured at the image converter stations is equal to the
muzzle velocity, and (2) the sabot and balls leave the muz-
zle at the same time. The ball velocity is then calculated
using the equation:

= M-T
Vs T Vg
B +At -
M-B
where
DMJT = distance muzzle to target
DM—B = distance auzzle to imege converter at B,
Va = ball velocity,
VS = sabot velocity, and
ts-T = time between trigger of image converter

at B and impact flash on target.

This technique for obtaining ball velocity was satis-
factory. However, this was notable variance in the differ-
ence between sabot and ball velocity. It is felt that this
variance was not a resuit of instrumentation or calculation
technique, but was attributable to the manner in which the
spheres and sabot separate. The exact mode of separation of
micron spheres ard sabot is not known. However, photographs

11



= (

taken with the image converter camera show that 0.,015-in.-
diameter spheres form an irregularly epaced pattern follow-
ing the sabot segments. This would indicate that ac+ual
separation of the balls from the sabot progressed as
the sabot moved down range. This may be attributed to the
fact that the oil film used to retain the balls has a rela-
tively high binding force with the micron spheres, and it
is a random ablative-type action that causes separation.
Thus, in some cases when the balls were, in essence, given
a piggy-back ride far down range the ball velocity was near
that of the sabot velocity. At the other extreme, when the
balls separate near the muzzle, a larger velocity difference
occurred because of the poor ballistic density of the spheres.
Between these extremes, anywhere along the sabot flight down
range, the spheres may have separated resulting in the noted
variance of the ball velocity.

Target Damage Analysis. - Each of the targets fired in this
phase was subjected to microscopic examination. In the 2x-
aminaticn the following type of impacts were noted on the
surface of the targets:

® round circular penetrations (Figure 5) with
a typical crater lip, normally found on hy-
pervelocity impacts;

@ round circular craters (Figure 6) with a
typical hypervelocity iip found around the
crater on aluminum and Pagasus targets;

® round circular pitted surface on the stain-
less steel targets;

e irregularly shaped holes and craters; and
® a few low-velocity type-dents in the surface.

The target was considered penetrated only if there was 1
a round clean hole through the target with the typical hyper-
velocity lip. If an irreqularly shaped hole but no round
penetration holes appeared in the target it was considered
that this size ball did not penetrate the target. Figure 5 "
shows typical penetrations made on the various targe"s by
thie microspheres studied.

A calibrated retical in the eye piece¢ of the microscope
was used to measure the diameters of the holes and craters.
These values are tabulated in Table II. There appears to be s
a wide distribution in the diameters for each particular
ball and target combination. The variation is larger than

12 ]



o At G O O G @ Ty

e~

e

Mag: 170X Mag: 12JX
(a) 1-mil Stainless Steel (b) 1-mil Stainless Steel
Target; 20-30-p-diam Target; 38.6-p-diam

Sphere; Round 27 Sphere; Round 36

Mag: 42X Mag: 120X

(c) 8~-mil Pegasus Target; (d) 2-mil Stainless Steel
130-p-diam Sphere; Target; 48.6-u-diam

Round 45 Sphere; Round 48

Mag: 120X Mag: 120X

(e) 1-mil Stainless Steel (f) 1.5-mil Pegasus Target
Target: 48.6-pu-diam 48.6--diam Sphere;
Sphere; Round 49 Round 56

Figure 5 Typical Target Damage Resulting
from Perforating Projectile
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Mag: 42X

(a) 16-mil Pegasus Target
260-p-diam Sphere
Round 42

Mag: 42X

(b) 16-mil 2024T3 Aluminum Target
240-p-diam Sphere
Round 29
No Penetration

Figure 6 Comparison of Perforation and Crater
on 16-mil Aluminum Target
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TABLE I1I

RESULTS OF MICROSPHERE FIRINGS

= Sabot Sphere Hole Crater
,::.mn Description mr Velocity | Velocity | Diameter | Oiameter
: (£ps) _(fps) | (microns) | (microns)
48 21,100 No data 143
143
143
135
127
4 48.6-, -diam sphere 127
against 2-mil 112
stainless steel €0 22,000* 21,500* 156
varget 143
143
112
112
96
61 22,000* 21,000* 143
127
52 20,600 18,300 127
80
54 No data No data 302
286
55 18,000* | No data 222
2 468.6-.-diam sphere fgf
against 1,5-mil 159
s Bl 56 16,000* | No data 334
238
238
159
57 11,500% No data No clean 286
circular 143
netration
58 13,700* | No data % 286 127
112
43 21,000 19,800 143
143
49 19,400 19,1350 142
143
127
3 43.6-.-diam spherc 127
against l-mil 127
stainless steel 112
target 112
96
96
88
59 18,200* 15,000* 159
4 38.6-.-diam sphere
against l-mil i
stainless steel % 31,300 19, 183
target . l S
— 22,000+ (Irregular shape, 10 circular
5 20~y -diam sphere holes -.- ~ossible corglom-
against 1-mil erate impacts) |
stainless steel 27 22,500 (Irregular shape, no circular
tarnet holes -~ possible conglom-
erate impacts)
6 127-i-diam sphere
against 8-mil 130 21,7920 No data :;g
_Pegasus target
2 21,900 20,950 716
q 260--diam sphere 240 19,000 No data 3:3
against 16-mil 315
Pegasus target 254
239
222

'Not verified with image converter data,

15




could be attributed to the ve’ .city distribution and the
tclerance on the ball diameter. Purther, the spread in hole
size is more pronounced Ior the balls 50-p and smaller, and
for the thinner targets. The 260 and 130-u balls were indi-
vidually selected eliminating all hollow balls, however, in
the screening of 50-u balls and smaller, this was not the

case. as a result, the samples included a certain number of
hollow spheres with various wall thicknesses. It is felt

that thls was the majoi £actcr in the large variance in the

hole sizes for these impact conditions.

Results. - Table II contains tabulation of the microsphere
experiments, including measurements of crater and hole diam-
eter on the targets. The lowest velocity at which penetra-
tion occurred, the highest velocity =zt which the spheres
failed to penetrate the target, and the ccrresponding round
for each value are listed in Table III for the seven combina-
tions. Penetration was obtained for six of the seven com-
binations; only the 20— spheres failed to penetrate the one-
mil stainless steel target, within the velocity capability of
the system. No data were obtained for below the threshold
velocity for combinations 1 and 4. The effort of this phase
has shown that multiprojectile methods of launching micro-
size projectiles in light-gas guns are practical in micro-
meteoroid impact studies.

Phase II X-ray and Optical Lever mMeasurements

During Phase II experiments were conducted to measure
(1) dynamic deformation on the target rear surface using se-
quential flash X-rays and (2) using optical lever technigues,
shoc« wave breakout and pressure data for five hyper—elocity

impact conditions:

® Finite target impact with several hundreds
kilcbar pressure at the rear surface.

® Above the ballistic limit of the target,
(penetration throujh the target).

® Below the ballistic limit of the target
(no penetration thrcugh the target).

e® Adbove the spallation limit of the target
(complete detachment of a portion of the
rear surface of the target).

® Below the spallation limit of the target
(:;;: snwrfare hubbled and fractured kelow
the surface but no detachment from the
target).

16
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TASLE III

SUMMARY OF MICROSPHERE FIRINGS

Lowest Velocity

Highest Velocity

ﬁ::'ﬁ); with Penetration 'mi without Penetration L:munmdr
{fps) (fps)
1 21,100 48 No data -—
(sabot velocity)
2 20,600 52 11,500 57
(sabot velocity) (sabot velocity)*
18,300
{sphere velocity)
3 19,400 49 18,200 59
(sabot velocity) (sabot velocity)*
19,350 15,000
(sphere velocity) (sphere velccity)*
e 21,500 36 No data -—
(sabot velocity)
13,800
{sphere velocity)
5 No data - 22,060 27
(sabot velocity) *®
6 21,7090 45 21,300 48
(sabot velocity) (sabot wvelocity)
20,500
{spheres velocity)**
7 21,900 42 19,600 29*% e
(sabot velocity) (sabot velocity)
20,950

{ball velocity)

-
Not verified by image converter data.

L

»
No penetration on target. However, craters on target

did not appear to be typical hypervelocity impacts (i.e.,
spheres may no. have impacted on target).

L2 2 J

"ound 29 was a 240 sphere against a 16-mil 2024T3
2aluminum target.

17




Aluminum 2024-T4 spherical projectiles (5/32-in. diam-
eter) were to be used agzinst aluminum 2024-T3 targets. To
achieve the required impact conditions, the velocity was to
be held constant (within the limits of the gun) and the
targ:ot thickness varied.

The experiments were set up so that both X-ray measure-
ments and optical lever data would be cobtained simultaneously.
ThS experiments conducted are summarized in Table IV. Based
on a nominal velocity of 20,000 fps, target were selected to
meet the required impact condition, and ordered with one
side polished for the optical lever experiments. If, in the
course of the experiment, it was found that an improper tar-
get thickness was selected, corrections could be made by
machining off the unpolished surface to obtain the desired
impact condition.

Range and Launcher. - The hypervelccity range facility
and launcher, shown in Figure 7, were used for these experi-
ments. The launcher is an accelerated reservhir-type light-
gas gun consisting of 2 gun powder chamber, a 20mm pump sec-
tion, a high-pressure section and a smooth-bore .22-caliber
launch tube. The range section has three basic components:
a blast tank, a range section, and a target chamber. The
blast tank serves to expand the gun gases follcwing the pro-
jectile and provides space for aerodynamic separation of
sabot sections. The range section is equipped with regu-
larly spaced viewing stations at which the velocity detec-
tors and image converters are located.

The special target chamber for these experiments mounts
the target outside the range. The vacuum is maintained in
the range by using the target and O-rings to provide the
seal. This allows the X-ray and optical-lever measurements
to be made on the back face of the targec outside of the
range.

Velocity Instrumentation. - A schematic diagram of the
velocity instrumentation is shown in Figure 8. The system
employed photomultiplier light detectors to determine the
time of arrival at the velocity stations. The luminous pro-
jectile triggers each of the PM detectors as it passes. The
time that it takes the projectile to travel the distance be-
tween the velocity stations is recorded both on dial-beam
oscilloscopes and chronographs.

The photomultiplier (PM) detector at station A is used
as a trigger source for osciiloscopes 1 and 2. Oscillo-
scope 1 monitors the image converter detectors at C and D,
from which the projectile time between the station is deter-
mined. 7scilloscope 2 monitors stations B and D to obtain

18
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TABLE

Iv

PRELIMIRARY RESULTS FHASE 11 EYPERIMENTS
X-RAY AND OFTICAL LEVER MEASURDMENTS

[loumi Target Velocityl Crater or lHols Cracer X-Ray Optical

jSumses p Thicknszs) (fpe) Ny amarar fmnth Data Lever CUMMENTS
! tinch) (inch} {inch) Data

1 70,000 Not Not
Covered Coverec Alignmant shot
\ z 21,000 Hirt snorkel tube
- 3 .750 20,000 .610 .294 Sooa Poor - Adjusted target locatior -
Too Sensi-| rarget buljea .07 i-inch

2 tive
i 4 20,000 Hit snorkel tube

S .750 21,000 .632 .316 Good So0d Read justed target locatiorn
target bulged .02%-inch

L] .600 20.000 .60% .430 Pre- No Data Partial spall. poor optical

i Triugerec alignment

T .600 71.100 .020 314 Good Good Partial spall

8 .600 20.100 .630 - 320 Sood No Data Partial spall, poor optical
alignaent

l 3 -500 70,200 598 Perctrat LGod Nc Data Complet= spall
i0 .300 «1,500 .625 Penutrat Good Good Complete spall

11 375 20,400 .480 Peretrated Good Socd Just penetrared

l 12 +375 12,900 .475 Penct rated| (213- Good Just penetrated
gere: late

13 -125 20,000 496 Penetrar Trig- | Sood Penetrated

l gerea late
14 125 19,300 .500 Penetrated| Pre- Sooc Penetrated
Triggered
15 .750 19.500 .600 .293 Pre- Excellent | Target tulged .N74-inch
' Triggered

16 .650 19,900 .60S .310 Sood No Deta Bulged (.203-inch) split
and crackec: camera not
running: nc spall (spall
liat)

17 .€50 20,000 .60 «311 ood No Deta ulged (.19R-1nch) spliit
and cracked: low iight
level: no spall (spall
limit)

is . 188 29,900 .569 Punetrated| Pre- Good Penetracen

Trigyered
19 .l88 13,500 .555 Penetrated| 3ooG Not Penetratea
l l Covered
NOTES: Target material 2024-T4 aluminum,

Projectile $/32" spheres - 2024-T3 aluminum.

R. nd Nos. 2, 5 and & made from bar stock:

all cther targets made from rolled plate).
' 19
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External Trigger Oscilloscope 1

B Image Converter
Detectors

N\ixl—— Image Converter

Zamera and
Light Scurce

Do’.ey

)

- Oscillograph 2
Gen.j

- EN J

[ty

(:) . Trigger
| for Flash X-ray

and Optical Lever
Instrumentation

Figure 8 Schematic, Velocity Instrumentation
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B

the flight time between these stations. Since oscilloscopes 1
and 2 are triggered from a common source, the time between
stations B and C can also be determined. The most acrurate
time elapse measurement is obtained from the chrenograph
which incorporates a precise timing generator which can be
read Jirectly. The chronograph is started when the image
conver ter camera at station C is triggered and stopped when
the camera at D is triggered.

Due to sensitivity and slight variations in signal from
tie sibot the projectile as viewed on the Polaroid record
shows a small variaticn in position from station to station.
This slight variation is corrected for each velocity calcu-
lated, and thus very accurate and verified data are obtained.
The other elapsed time measurements are used as back-up to
the image converter camera setup. The velocity calculated
from back-up instrumentation was found to be within 5 per
cent of the verified velocity.

Targets. - The first three targets fired in this phase
were made from round bar stock, in which the grain runs nor-
mal to the target surface. Examination of the target for
Rourid 6 indicated that the failure was influenced by the di-
rection of the grain (Figure 9). In normal bumper materials
the grain runs parallel to the surface, since it was apparent
that the failure mode was influenced by the grain direction,
it was felt that the results would be more applicable with
targets having the grain rurning parallel to the surface.
Hence, all additional experiments used targets made from
rolled plate which does have the normal grain orientation.

Figure 9 shows typical target damage as a function of
target chickness and the effect of the grain direction. The
impacted surface, a section through the impact, and the back
surfi~> .f the target is shown for each target. Figure 10
shows a2 p ot of the cepth of penetration as a function of
target tl ckness as determined in these experiments. Also
indicateda :n this figure are the zones for which penetraticn,
spall and no spall occur. Data from the bar stock targets
are included on this figure, which indicates that the effect
of grain direction is largest in the spallation zone, and
would no doubt affect its upper and lower limit.

X-ray Measurements. - A four-channel sequential flash
X-ray arrangement was used to bbtain data on the dynamic
deformation on the rear surface of aluminum targets for vari-
ous impact conditions. A field emission model 730 flash X-ray
system was adapted to the target chamber shown schematically
in Figure 1). This arrangement was used tc .:»tain four se-
quantial radiographs at the rear surface of “"ie targets. A
trigger pulse at projectile impact was obtain . . from a simple

- e
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foil make-switch mounted on the front surface of the target
(Figure 7). One side of the switch was a2 l-mil-thick disk
of aluminum foil insulated from the target by a 3-mil-thick
disk of paper. The target was the second side of the
switch and when the projectile impacted, the switch would
be shorted and a trigger pulse formed to trigger the X-ray
units. A block diagram of the X-ray instrumentation is
shown in Figure 12.

The third oscilloscope was used to set up the X-ray
delay times and 21so monitored the delay times during the
test. Results showed that the delays are accurate within
the nanosecond range. The fourth oscil loscope monitored
the output signal from the R.C. circuit of the make-box
and the output from the target detector.

Although the foil switch circuit worked on every test
fired, there was considerable scatter in the signal. The
variation was large enough to result in cases where (1) the
circuit would be pretriggered and the X-rays 4id not show

ey dcfcrmotion on the rear surfarce af the trigaesr. and
(2) late triggers which would occur after the event or
bubble growth was over. Pretriggering may have resulted
from small debris from the sabot arriving ahead of the
sphere on target. The delayed trigger must have resulted
from circuit malfunctions, but repeated manual tescs of cir-
cuits show the function time of the circuit toc be reproduc-
ible. Variation was less than + 1 usec.

The bubble height growth was measured from the sequen-
tial X-rays. Height on the X-ray film was measured directly
off tne film. A stepped cone was radiographed (Figure 13)
to provide a means of calibratiig both the height and diam-
eter of the bubble. A 0.75 calibration factor was used to
obtain the actual bubble heicht. Copies of the X-rays are
shown in Figure 13. Table V lists the measurement of the
bubble size for which sequential X-ray data were cbtained.
The times listed in the table are the delay times set
on the X-rav delay unit. These data are plotted on Figure 14
through 19 1s solid lines.

As mentioned, there was considerable scatter in the
function of the trigger circuit, and no correction could be
determined trom the records. To compare the effect of tar-
get thicknesss on bubble growth, a common time base had t> be
established. This was done by the following method:

(1) The measured heights were plotted as a func-
tion of time (sclid lines on the curves).
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(2) They were then extrapclated tco a zero height.

{3) Then the time for the elastic wave velocity
to (6.2mm/psec) travel through the target
was computed.

(4) It was then assumed that this time corre-
sponds to the first deformation on the back
surface of the target, or the time frcm
impact when the height as a function of time
was equal to zero.

(5) The extrapclated curve was then shifted =c
that the height equal to zero occurrsd 2t
this time. The correct curve was plotted
as a dashed line on Figures 14 through 19.

The results of the corrected curves for all target thick-
nesses are plotted on Figure 20. Although these curves were
generated by a relatively simple method of cbtaining a com-
mon time base, the plots whos with amazing consistency the
effect of target thickness on bubble height growth,

The bubble diameter was measured in the same manner as
the height. For the shallow height ubbbles, it was very
difficult to determine the diameter accurately, because of
the shallow slope of the curve. Th= diameters as measured
2nd corrected for magnification are alsc shown in Table IV.
The results are plotted as a scmidashed line on riguies 14
through 19, corrected to the common time base as previously
determined.

Optical-Lever Experiments. - The optical lever experiments
were designed to meet three objectives:

(1) Obtain shock arrival times, velocities, and
pressures at the rear surface of a fi.ite
target within the pressure region from 100
to 300 kb,

{(2) Obtain shock arrival times, velocities, and
pressures at the rear surface of a finite
target above and below the ballistic limit.

(3) Obtain shock arrival times, velocities, and

pressures ut the rear surface of a finite
target above and below the spallation limit.
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Experiments were designed with con-=traints that:

(1) The projectile impacting the target should
have a velocity within 20,000 to 23,000 feet
per second and attempts should be made to
maintain a constant velocity throughout the
series.

(2; The target and projectile must be of the
same material.

(3) The target and projectile must be a material
that exhibits a simple shock behavior.

Data from these experiments will serve as a basis to compare
results from elaborate computer codes simulating the impact
process and subsequent shock decay.

Figure 21 illustrates the optical lever technigue.* The
polished target is placeé at the end of a hypervelocity range
and the light source grid is placed a fixed distance d from
the target. An objective lens is used to focus the grid onto
the slit plane. A second lens, internal to the camera, fo-
cuses the slit onto the film. Lines of light passed by the
grid are cut into dots of light by the slit. These dots of
light are streaked across the film.

As {he projectile strikes the target,; the shock wave ra-
diates co the polished surface and is reflected. Because the
shock strikes the polished surface at an angle, the sucface
is turned. This turning angle depends upon the shock strength
as well as the emergence angle, and results in an optical
lever deflection on the film. Multistepped shock waves pro-
duce successive deflections as each step arrives at the pol-
ished surface. From the film record, shock velocity and par-
ticle velocity can be measured for each step. These values
are used with the Rankine-Hugoniot jump conditions to compute
shock strength, density, and energy.

Shock velocity is claculated as

U= Uapp sinc.
The apparent velocity Uapp is measured as the local contangenc
of b. The emergence angle ¢ is measured by knowing the in-
dividual line posicion on the polished surface relative to
impact and by assumiing a direct ray path between impact and
arrival at the line pcsicion,

*
V.G. Gregson, Jr. "Cptical Lever Cbservation of Hypervelocity
Impact Shock Waves," Journal of Applied Physics, Vol. 338,

pp. 1798-1802, 1967.
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Figure 21 Optical Lever Technique

Particle velocity is calculated as

5 X 1 ™
u = '_uapp sin(a/4d)‘§ / {cos !_c - - &d!]} ’
where a iz the deflection corrected for film demagnifica-
tion. The usual free-surface approximation is used in
computing the particle velocity for the main shock and ramp

and is included in this relation, ]

The free-surface approximacicn 1is generally used to
compute the amplitude of the elastic shock. This assumes
a fluid behavior of the material. The term "pressure" is
usually redefined as a "stress" which is normal to the wave-
front. Errors in using this assumption for the elastic wave
may oe as much as 10% of the true stress amplitude. The j
free-surface approximation has not been used to compute par-
ticle velocity and stress of the elastic shock for this ex-
periment., Instead an analysis is used vwhich considers an
incident elastic shuck reflecting at a free boundary as an-
other dilatational shock and a shear stress shock.

L L]

[T

The energy of the incident compressional shock is pro-
portioned between the two r:flected shocks as a function of
the incidence angle. From energy considerations of any shock,
the total energy is partitioned equally between internal and
kinetic energy. For most elastic shocks, the stresses are
such that the slight temperature increase behind the shock
front results in little of the available internal energy
lost to propagate the shock. Assuming no energy is lost,
the kinetic energy of an incident elastic shock can be pro-
portioned between the kinetic energy of the two reflected
shocks. The kinetic energy o>f a unit volume for the inci-
dent shock is
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where E 1is the kinetic energy, u; is the particle ve-
locity, and p is the material density before the shock
arrival, The kinetic energy of a unit volume of the re-
flected shock is

E = ]./2p‘:,(u2 +u,)

whare u; and uj3 are particle velocities of the dilata-
tional and shear-stress shock respectively. If it is as-
sumed that errors in an infinitesmal-amplituvde-elastic-wave
analysis, the reflected shock particle velocities can be de-
scribed in terms of the incident particle velocity as

2
uy = (Ay/A)) ul,
and
ul = By/ap 2/ Mul

A A is the amplitude ratio of the reflected compressional

ve to the incident compressional wave. B,/A is the ampli-
tude ratio of the reflected shear wave to tﬁ ncident com-
pressional wave. C ard Cg are velocities for the com-
pressional and shear waves regpectively in

; 2,-2, J1% . _
p [(Uapp/cp) l_J tan (7/2-e),

and
[(Uappf 8) - IJ = tan (r/2-f).

The angle e 1is the angle etween the free-surface and the
incident compressional wave. The angle f 1is the angle be-
tween the free-surtface and the reflected shear wave. The
amplitude ratios are

Ay agov- 2 -nfp ol el
o 4uol + (\1:2 - 1) | A *d)z(lx + Zp)]

and
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where A and p are Lame' constants.

The optical lever deflection can be related to the par-
ticle velocity u; by extending the flow diagram of a hydro-
dynamic shock as shown in Figure 22. This extension will not
depend upon the usual approximation that the free-surface ve-
locity is twice the particle velocity. Instead, the optical
lever deflection is equated to the surface rotations produced
by each of the three shocks

1

1/2a@™" =%, +5, +5

1 2 L

where 53, %3, and 53 are the rotations associated with the
incident compressional shock, the reflected dilatational shock,
and the reflected shear stress shock respectively.

From the geometry of Figure 22,

A, = tan'l [ul cose/ (U‘3

1 -y sine)] .

PP
Tha surf-ce rotation of the reflected compressional rarefac-
tion is

! =tan-1ru cos (e +3,)/|S, -u, sin(e +3% )]

g 1%2°¢ 118 -9 » 1y
where the streamline Sl has a magnitude

Sy = [(Uapp ~ vy sine)/cosbd.

The surface rotation of the reflected shear streas rarefac-
tion is

1 u, cos(w/z-f-bl-bz)

S, - Uy sin("/2 - £ - 61 -3,)

53 = tan

2

where the streamline S2 has a magnitude

S, ={[Sl +u, gin(e+ 61):" /cosbz}.

rvs
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Figure 22 Two-Dimensional Flow Diagram feor Incident
and Reflected Elastic Shocks

One additional technique was added to the experiments.
An optical fiber from the slit plane and viewing the target
impact surface recorded the impact flash on the same film
as the optical lever reccrd. This permitted the total time
for shocks to travel through the target to be measured.

The measured experimental values obtained are listed in

‘wvables VI through XVI. Line numbers are ~imply relative

numbers attached to the lines in the optical lever records.
More important is the line spacing shown on each table. TDis-
tance traveled is the ray path distance from impact through
the target to a specific line number.

The first and second time arrivals of *the elastic and
main shock fronts are measured from the ti.e of impact.
Several of the records had poor impact fiducials, thus show
time arrivals relative tu the back target surface conly.

Particle velocity, shock velocity, and pressure are
listed for each line that could be measured. The shock ve-
locity of the peak ramp pressure and the main shock is taken
tc be the same value. The distinction between the elastic
shock, ramp, and main shock is as follows.

C
. Optical lever
Time A'}w Trotation related to

particle velocity
Second shock arrival

First shock arrival

A - Elastic shock amplitude
B - Ramp amplitude
C - Main shock amplitude.
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TABLE VI

EXPERIMENTAL VALUES ROUND 3 (IITRI 31)
e s

First Arrival
Line Number + 0.035
_(psec)
1 5.03
2 i
3 4.41
5 3.88
6 3.74
7 3.58
8 3.38
9 3.24
10 3.16
i1 3,10
12 3.295
14
15
16 3,38
17 3,58
18 3.745
19 3.93
20 4.15

Line spacing 2.34mm

Off axis 5.5mm

Target - 0.754", 2024-T4 bar stock

Projectile - 5/32" diam, 2024-T3
@ 20,000 ft/sec.
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Later plate reverberations are listed for the ox-
periments that record such behavior. An estimate of the
reverberation amplituass indicate that they do not exceed
the dynamic yield amplitude of the material (~6.0 to 6.5 kb).
For plates thin enough to be perforated, the origin of the
reverberation occurs at the lip of the pexforation at both
the front and back slides of the plate. For plates thick
enougn to spall, the origic of the reverberation is the
shock trapped within the spall.

4, Yorigin of
—= reverberation
Projectile: Thick Plate
Thin Plate TrSh“: 2 ]
"{‘;‘ s . | Impact Crater
Spall \v

Experiments for which no data were recorded or experi-
ments with extremely poor data recovery are not included in
the tabulations, or further discussed. Such failures ranged
from poor optical alignment to premature projectile firing
before streak camera attained adequate recording speed. In
general, data recovery was Guite good.

Figure 23 is a copy of the best optical lever recorc
taken in hypervelocity experiments (Round 15) and clearly
shows the impact flash fiducials together with the optical
lever deflections and iater spall reverberatioms.



Figure 23 Round 15 (IITRI 43) Photograph Showing
Projectile Impact Flash (at Top and Becttom)
and Time for Shock Travel through Target

Also shown 1= the optical lever deflcctions related to
the elastic shock, ramp, and main sanock. Reverberations
in the spall follow the main shoc¥. Time horizontal -

lmm = 0.567 usec. Line spacing vertical - 1 space =
2. 3B8mm.
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Figure 24 shows the arrival times of three target
thicknesses (Round 12, 14, and 15). Figure 25 is a pressure-
particle velocity plot of the data together with data by
Fowles.*

Three experiments (Round 13 (IITRI 41), Round 14
(IITPT 42), and Round 18 (IITRI 46) were designed to try
and measure pressures within the range of 100 to 300 kb.
These are thin targets and the arrival times of Round 14
(ITTRI 42) are shown in Figure 24 to illustrate this group
of experiments. To obtain the desired pressures, optical
lever deflections would have to be observed very near the
direct ray path through the target. This occurred or one
experiment Round 1B (IITRI 46) , however, there weie rather
larger error limits attached to the apparent shock velncity,
thus reducing the sccuracy of the data. The other two ex-
periments resulted in optical lever deflections a few milli-
meters to either side of the direct ray path., This loncer
travel time resulted in shock decay (which is quite rapid)
such that the recorded pressures of 40 to B0 kb were not
within the Gesired range even though pressures of -~300 kb
did occur along the d.irect ray path. These experiments
demornistrate the feasibility of using this technique within
the pressure region of several hundred kilobars. However,
any additional experiments should be performed with a
streak camera capable o a faster writing rate so that a
more accurate measure of the apparent shock velocity is
obtained.

The =zxperiments desigred to obtain shock arrival times,
velocities, and pressures above and below the ballistic limit
were Round 11 (IITRI 39). Round 12 (IITRI 40), Round 9
(IITRI 37), Round 10 (IITRI 38), and Round 7 (IITRI 35),
Round 8 (IITRI 37), respectively. The arrival times cf these
experiments are designated by Round 12 (IITRI 40) in
Figure 24. No deviation could be measured in the shock de-
cay as a function of travel nor in the pressure levels
or arrival times between penetraticn and no penetration.
Some difference might be detected if the analysis were ex-
tended to include a total time history of the pulse as it
decayed.

The erperiments designed to obtain shock arrival times,
velocities, and pressures above and below the spall limit were
Round 7 (IITRI 35), Round B (IITRI 36), and Round 3 (IITRI 31j,
Round 5 (IITRI 33), Round 15 (IITRI 43), respectively.

©  R. Powles, Shock Wave Comprescion cof Hardened a%4 an-
nzaled 2024 Aluninum, Journal of Applied Physics, “ol. 32,
p. 1475-1487, 1961.
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Rocund 16 (IITRI 44), and Round 17 (IITRI 45) were con-
sidered to be at the spall limit. The arrival times of
these experiments are illustrated by Round 15 (IITRI 43),
in Figure 24. No deviation cculd be measured in the shock
decay as a function of travel nor in the pressure levels
and arrival times between spall and no spall. Again some
difference might be detected if the analysis were extended
to include a total time histcry of the pulse.

Round 3 (IITRI 31) and Round 5 (IITRI 33) were bar
stock while Round 17 (IITRI 45) was plate stock aluminum,
Differences in spall were detected between bar stock and
plate stock for thinner targets as well as differences in
bulge characteristics for these thicknesses. It was hoped
that this would be expressed in the pressure levels and
decays but none were cdetected. Some difference might be
apparent if a total time analysis were made. However,
some experiments should be repeated because the experiments
were keyed to the peak pressures resulting in less precise
measurements of the elastic wave. The repeated experiments
should concentrate on the elastic wave because small differ-
ence between plate and bar stock should be evident in the
elastic wave pressures and decays.

Phase III Ionization Experiments

The main objective of this phase was to make a series
of experimental light-gas gun firings, designed to obtain
measurements of the bubble growth, ionization ana radiation
resulting from the impact. The effort was divided into
three parts:

1. Establishment of Projectile Design
for Experiments

2. Bubr'e Growth (Photographic and
Radiographic) Measurement

3. Ionization Measurement

A series of three experiments was covered with additional
instrumentation furnished by NASA. In particular, sesquen-
tial self-illuminated pictures of impact bubkles, using
NASA's TRW image-converter framing camera, were sought.

Before beginning on the experimental firings, a
special high-vacuum chamber and instrumentation had to be
fabricated. This task was undertaken early in the program
and accomplished concurrently with the Phase I and II ex-
periments. The high-vacuum chamber was designed, fabri-
cated and checked out before the comple:ion of the Phase II

-y
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experiments. Special instrumentation for the charge
measurement was also designed early in the program. Circuits
were assembled, checked out, and calibrated prior to any
experimental firings.

It was coriginally snuggested that the high-vacuum
chamber be sealed from the range vacuum by a thin Mylar
diaphragm. The projectiie would penetrate the diaphragm,
then impact on a target within the high-vacuum chamber. The
measurements were to be made on the ejecta from the impact
side of the target. However, the program was revised to
elininat the Mylar diaphragm. Instead a thin target was
usei to provide the required seal between the high-vacuum
sec-ion and range. The measurements were made on the bubble
growth on the backface of the target. This change required
minor revisions in the method of retaining the target. These
changes were made with no difficulty and aided in obtaining
better data. It assured that no projectile break-up would
occur from hitting the Mylar diaphragm, and that contaminated
particles from the Mylar would not enter into the ioniza-
tion of spectro measurements.

The hypervelocity range facility and launcher used for
these experiments are shown schematically in Figure 26. The
launcher is an accelerated reservoir-type light-gas gun con-
sisting of a propellant chamber a 20mm pump section, a
high-pressure section, and a 22-caliber launch tube. Although
smooth bore and rifled launch tubes were employed in the
initial experiments, the majority and meaningful experiments
were made with the rifled launch tube. The range section
has three basic components: the blast tank, a range section,
and the special high-vacuum target chamber. The blast tank
serves to expand the gun Jases following the projectile.

The range section is equipped with regularly spaced viewing
stations at which are located the velocity detectors and
image converter cameras. The special target chamber is
sealed from the range by the target, has its own vacuum sSys-
tem and is provided with four ports for instrumentation.

A schematic for the velocity instrumentation is shown
in Figure 27. The system employs photomultiplier light
detectors to determine times of arrival at the velocity
stations. Luminousity from the projectile causes a current
flow in the PM detectors reaching a peak directly under the
detector. Tine between stations is measured from peak to
peak of the respective stations from the record of the
oscilloscope.
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The photomultiplier detector at station A is used as a
trigger source on oscilloscopes 1 and 2 and also triggers
one channel on oscilloscope 3. Oscilloscope 1 monitors the
image converter at C and D from which projectile time be-
tween the stations is determined. Oscillioscope 2 monitors
stations B and D to obtain flight time between these sta-
tions. The photomultiplier at location E is triggered by
means of a fiber opti:> light pipe. It monitors the pro-
jectile 6 in. aneal of target. Output from this PM records
on oscilloscope 3. One channel is triggered by the PM at
A and the other by the image converter camera trigger pulse,
The primary purpose of the E target PM is to provide a
trigger for the target measurement instrumentation, but it
is monitored also to provide back-up velocity measurements
of the projectile. Since the scopex have a common trigger
(A) then flight time between any of “he stations can be
determined.

The most accurate time-lapse measurements are obtained
from the chronograph that incorporates a precise timing
generator that can be read directly. The chronograph is
started when the ‘mnage converter camera at C is triggered
and stopped when camera at D is triggered. Bzacanse of the
sensitivity and sl’'ght variation in signal from the pro-
jectile, the Polarcid record from the image converter shows
a small variation in position from station to station. Cor-
cection for the slight variation in distance is made and,
using the accurate time from the chronograph is used to
calculate the projectile velocity. The other elapse time
measurements are used as back-up to the image converter
camera setup for the occasions when some of the image con-
verter data are missed. The velocity calculated from the
back-up instrumentation has been found to be within 5 per-
cent of the verified velocity.

A special target chamber was designed to meet the
vacuum requirements for Phase III. An existing 2-ft-long
piece of range section was modified for this design. The
target chamber and its own vacuum system are shown in Figure
28. There are three basic elements to the system; a target
chamber, a vacuum pump system, and target mounting assembly.
The chamber is 1-ft ID by 2-ft long and contains four 4-in.
ports for instrumentation, spaced 90 decrees apart at the
center orf the section. To minimize the outgassing problem
during pump-down, the chamber was nickel-plated.

The vacuum pump system was a very simple and practical
design, consisting of a mechanical pump, a diffusion pump,
a vacuum valve and a flange with baffle assembly for mounting
onto the target chamber. The entire unit is mounted on
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casters to facilitate movement and permit clear access for
inserting the target-mounting assembly. A pump-down time

of approximately 12 hours was required to obtain a vacuum

in the chamber of 2.5 to 4.0 x 10~3 torr. A longer pump-

down time over a weekend resulted in lowerinyg the pressure
to 3.5 x 10-6 torr. All of the test data were in the 2.5

to 4.0 x 10-5 torr range.

The target mounting assembly is shown in Figure 29,
It is mounted to a 1/2-in. thick aluminum bulkhead between
the range and test charber. The mounting design permits
the assembly to line up with the flight path oi the pro-
jectile. It has beei. found, in bore sighting, that the on-
aim point for any launch tube is not necessarily the impact

point. Further it has been found trat the impact point will

remain constant if the relative location of the launch tube
is held constant from shot to shot. It is possible to
adjust the location of the launch tube to hit a particular
aim point, but it has been found to be more practical to
locate the target at the impact point.

The target mounting assembly also contains a viewing
port 6 in. ahead of the target. The viewing port is moni-
tored by a photomultiplier tube via a fiber optic light
pipe. The radiated light from the projectile provides a
signature via the PM tube to trigger the instrumentation
for monitoring the impact phenomena. By adjusting the
aperature, a trigger signal with response time of several
microseconds was obtained, and remained constant from shot
to shot -

Approximately 3 in. ahead of the target is located
the toroid coil assembly to measure the charge on the pro-
jectile before impact. The grid for the charge collection
measurement also is monitc:ed on the target assembly. It
is designed to employ either a cylindrical grid as shown
in Figure 29 or a flat-plate grid parallel toc the target
plate.

The target plate was insulated by mounting the target
on lucite rirgs. The O-ring between the targeti and lucite
mounting ring maintuins the pressure differential between
the high-vacuum chamber and the range.

To facilitate the assembly operation when replacing
the target, charge ccilection grid, and other components
that may be damaged during th2 test firings, the entire
mounting assembly was removed from the chamber. Exact re-
location of the assembly was obtained by piloting on the
aluminum tube at the forward end of the assembly.
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Projectile Design for Experiments. - The objective of this
series of experiments was to establish a projectile con-

ficuration that would reliakly impact a flat-disk type pro-
jectile normal to the target. Verification of attitude of
the projectile was cbtained from the image converters used
to verify the velocity at stations C and D.

Since is was desired to obtain a high-velocity impact,
the first test was made with a small projectile. A 0.050-
in. diameter, 0.020-in. thick 1100 aluminum projectile was
sabot-launched from a rifled 22-caliber launch tube. The
image converter pictures showed the projectile to be un-
stable. A series of test shots from a .22-caliber rifled
iaunch tube, with full bore projectiles 0,220 in, by 0.103
in. made from bcth 110 and 2024T4 alumiaum were performed.
These projectiles were deformed during launch and proved to
be unstable. An attempt was made to reduce the damage to
the projectile by employing a polyethylene disk behind the
aluminum projectile. This proved to be futile also. Pre-
vious firings had been made with a full bore projectile
from a smooth bore launch tube and they were also unstable,
so they were not repeated in these tests.

A stable launch of a disk-type projectile was obtained
on the eighth round in the tests. A 3/16-in. diameter, 3/32-
in. thick 2024T4 projectile was sabot-launched from the
rifled tube and was ctable and provided a normal impact at
the target. By increasing the projectile size and maintain-
ing the same L/D ratio, the stability fuctor increases. 1In
essence less spin is required to maintain stability for the
larger projectile,

Using the same configuration with 1100 aluminum, the
projectile was launched without deformation. Therefore, it
was possible to conduct the experiment as NASA desired with
flat impacting 1100 aluminum projectiles on 1100 aluminum
targets.

In this series of tests a velocity instrumentation
probiem occurred. The normal sabot separation is between 2
to 3 in. on the diameter at the target end of the range.
However, the added centrifugal force resulting from the
rifled gun tube increased the separation pattern. This
resulted in the sabot impacting baffle plates located at the
velocity staticns along the range. The impact flash from
the impact was pre-triggering the PM's located at the
velocity stations. Placing a sabot catcher plate and snorkel
assembly just ahead of the B velocity station eliminated
this problem. This required an additional alingment shot to
be made berore proceeding with Parts 2 and 3 of this phase.
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Bubble Growth (Photographic and Radiographic). - The ob-
jective of this part of the experiment was to obtain
sequential radiographs and photographs of the bubble growth
resulting from flat impacts of the disk-type projectile on
the thin aluminum targets. The projectiles used in this
test were 0,188-in. diameter by 0.094-in. thick made from
1100 aluminum. The irpact velocity was held constant within
the limits ¢f the launcher and projectile configuration be-
tween 20,000 and 21,000 fps. Aluminum 1100 targets were
employed in these tests, with target thickness of 0.062 and
0.125 in. The impact resulted in holes for both target
thicknesses with the flattened roiled-over lips on bnth sides
of the target. The diameter of the hole remained const nt
for each target thickness, 1/2 in. diameter for the 0.0u2
in. and 5/8 in. diameter for the 0.125 in. target.

Three sets of sequential flash ¥-rays for the bubble
growth for the 0.125-inch-thick target were obtained. Two
were at normal impacts and the third was an unstable pro-
jectile impacting with considerable yaw. The effect of the
yaw for round 15 is apparent in the radiographs of the bubble
growth (Figure 30).

The impact on the 0.125-in. target shows an elongated
two-stage-type bubble, as shown for rounds 13 and 14 in
Figures 31 and 32. The leading edge of the bubble consist
of very-fine low density particle sizes and cannot be re-
solved on the radiographs. The entire radiographs cbtained
in these three tests were of very low contrast. The photo-
graphic section intensified the reccrds and improved the
contrast, but still the complete bubble, in particular its
leading edge, could not be defined.

The base portion of the bubble is clearly seen in the

records, and also the base portion of the second stage of
the bubble can be definad. Using the defined pcrtion of
the bubble as a guide, the remainder of the bubble is esti-
mated by the dotted lines shown in Figures 31 and 32.
Figure 33 shows the bubble growth history reduced from these
records where the height of the bubble 15 based on the esti-
mated shape It should be observed that the estimated heig¢nt
closely matches the data obtained from the (.062-1n. target
(Figure 34).

Two rounds with flash X-ray coverage were fired against
0.062-in. targets. For these tests, the cassettes were
moved in closer to the target. The bubble can clearly be
seen in the early stages but, as it coxpands, and the par-
ticle density decreases it became difficult to resolve. It
is faintly visible at 8 sec and it appears to be reaching
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4+ Round 27 X-ray Data
© Round 28 X-ray Data
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X-ray Data

4 Round 23 Image Convertor
Extimated X-ray Data

Delay Time (psec)

Figure 34 Bubble Growth for C.188-in.-Diameter,
0.094-in.-Thick 1100 Al Projectile
on 0.06Z-in.-Thick 1100 Al;

Target Velocity 20,500 fps
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a resolution limit beyond this point. Rounds 27 and 28
were fired at the 0.062-in.-thi~k target, with X-ray
coverage. On Round 27, irregular triggering of the X-ray
unit occurred and only one good radiograph (at 6  sec delay)
resulted. Readjustment of the sensitivity on the X-ray de-
lay units corrected the irregular triggering and on round
28 four good radiographs of the bubble were obtained. The
sequential radicgraphs for both rounds aie shown in Figure
35. The resulting bubble on the 0.062-in.-thick target has
the more normal symmetrical bubble associated with hyper-
velocity impacts, and does not indicate any sign of the
two-stage bubble seen on the 0.125-in.-thick target. The
data from the sequential X-rays are shcwn on Figure 34 along
with estimate” height of bubble obtained from the 0.125-in.
target., Based on the comparison with the estimated data,
the forward expansion of the bubble appears to be equal for
botih target thickness, owever, the radial expansion for
the 0.062-in.-thick target is higher.

The single-frame image-converter camera usea to verify
projectile velocity was incorporated to obtain comparative
bubble growth data. To expedite the firings, the initial
experiments were conducted with the target located at the
second velocity station. A series of firings was necessary
to obtain a sequential bubble-growth history for this setup.
At this time, the number of experiments to be conaucted was
limited, and data on ionization and flash measurements were
also desired. Therefore, a compromise had to be made and
the number of experiments in this area was minimized.

The image converter camera is normally triggered by
the PM located at the station. It was set up for these ex-
periments to be triggered on the impact flash from the front
face of the target. Data obtained were insufficient to
determine the accuracy of this trigger source. In the lirst
test, round 16, the event was backlighted and a gocd record
of the bubble was obtained. This was with a 0.18-in.-
diameter, 0.094-in.-thick disk-type projectile on a 0.125-in.-
thick target. A delay time of 6 ;sec showed a bubble with
the two-stage shape that was observed with the flash X-rays,
as shown in Figure 36. The size of the bubble from the image
converter photograph and the X-ray data closely agrees, and
is shown on the growth curves ir Figure 34. This indicates
a satisfactory triggering method.

In the next test, round 17, the light source was
eliminated in an attempt to photograph the event by the
illumination produced by the impact fiash. A maximum ex-
posure time was set for this experiment. With the same
delay (6 ;sec) as used in the previous test, the camera
failed to record anything on the screen. The record indi-
cated that the camera functioned at the proper time. Since



2 usec l

4 psec

6 usec

8 usec

Figure 35 Radiographs, Rounds 27 and 8.
0.188-in.-Diameter, 0.094-in.-
Thick Target against 0.062-in.-
Thick Target

o0 |



-

the event was not recorded, it was assumed that insufficient
light was given by the flash tc register on the image con-
verter unit. However, whea checking out the unit after this
test, it was found that the voltage supply for the image
converter unit was defective and may have been so on the
test. Thus, it is possible that the failure to obtain a
record may be the result of the image converter unit
malfunction.

In this firing sequence, a hardware failure in the high-
pressure section of the launcher occurred. This resultad in
damage to the entrance of the rifled launch tube, and re-
quired rework. In realigning the launcher tube, the flight
path was lowered. As a result of the low flight path only
tne upper portion of the bubble was obtained for round 25,
which is shown in Figure 36. The delay time for this test
against the 0.062-in.-thick target was again set at 6 ;sec.
Although the actual size cannot be datermined from this
photograph, it is apparent that the bubble is larger than
that obtained for round 16 with the same time delay. Round
26 was a repeat of this test with the muzzle of the launch
tube shimw-d up to raise the flight path of the projectile.
The catcher plate assemblv was also shimmed to compensate
for the higher flight path. However, the projectile nicked
the entrance of the snorkel tube and the projectile broke
up. Small pieces of the projectile were shown impacting on
the target. No additional image converter tests were made
with cthe camera located at the second image converter station.

The image converter was relocated at the viewing port
of the vacuum chamber. Two additional attempts at self-
illumination explosures were made. Round 29 was deflected
and did not hit the target. On round 30, the records in-
dicate a good trigger and no malfunction of the image con-
verter unit, however, no photo of the bubble was cbtained.

NASA furnished a TRW image-converter framing camera
(three frames) for additional meonitoring of bubble growth.
The camera was brought in, set up, and operated by Mr. R.
Naumann. The tests with this unit were primarily to check
out the equipment evaluate its use for future tests in this
application. Only three experiments were made with the TRW
camera located at the viewing port in the high-vacuum
chamber. All tests were with a 0.18-in.-diameter, 0.094-in.-
thick projectile and a 0.062-in.-thick target.



Round 16 0.125-in. Target 6-usec Delay

Round 25 0.062-in. Target 6-sec Delay

Figure 36 Back-Lighted Image Converter Photcgraphs
of Bubbles Made with 0.188-in.-Diameter,
0.094-in.-Thick 1102 Al Projectile
on 1100 Al Targets
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On the first test (round 22) with this unit, the camera
was triggered by a built-in light detector using fibe” op-
tics. The picture from the cawera shows considerabl: light
in the test chamber for all three frames. It appears that
the light detector failed to trigger on the initial flash
from the projectile impact but triggered on the secondary
flash when the bubble particles imnacted on the nickel charge-
collection grid located 2 in. behind the target, thus the
bubble cannot be defined in the Polaroid record, Figure 37.

An external light detector was employed in the following
test with the TRW camera, using fiber optics to view the back
face of the target. A good trigger pulse was recorded for
round 23 and only one pictiuce bubble was obtained, on the
last frame of the record (Figure 37). The actual time be-
tween impact and explosure cannot be determined from the
records. From the data that are available it is estimated
that impact on the target occurs at 24 [ sec after passing
the trigger detector located 6 in. ah of the target. The
records show that the camera was triggered at 27, 29 and
34 psec after passing the trigger detector station. Then
the exposure times after impact would be 3, 4, and 9 sec.
The measured bubble height is 1-3/4 in. and the maximum
diameter is 1-1/8 in. These points are plotted on Figure 34
and correspond relatively close to the X-ray data for the
same impact conditions. There does not appear to be any
logical reason why the buhble does not appear on the two
missing frames at this time.

In the last test with the TRW camera, a make-switch was
used to trigger the camera. The switch was mourted on the
impact side of the target and employed the same circuit used
with the X-ray instrumertation which had worked reliably.

The records showed that the make-switch triggered 23 ;sec
after the projectile passed the trigger station ahead of the
target, indicating a good trigger. The TRW camera pre-
triggered, however, and no picture of the bubble was _otained.

Hypervelocity Impact Flaeh Observations. - The optical ob-
servations of the impact flash were viewed through 1/4-in.-

thick fused silica wiriows (Corning “Optical Grade" No. 7940
fused silica). These windows transmit throughout the visible
and ultraviolet wavelength region with a cutoff at about

2000 A. Three windows were mc.inted in ports around the
experimental chamber at a radial distance of 9 1/2 inches
from the projectile axis.

The optical measurements utilized two types of instru-
ments. One of these was a multiplier phototube (RCA type
1P28) that viewed the impact area behind the target through
a l-in.-diameter aperature placed 4-1/4 in. in front of the
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Round 22 Results with Late Trigger

Round 23 Estimated Time after Impact
9 usec; No Record for First and Second
Frames

Figure 37 TRW Framing Camera Results
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photocathode. A protective light shutter was in front of
the aperature. The shutter was opened immediately prior to
the shot. The field of view (Figure 38) of this device at
the target axis was about 1-1/2 in. in diameter. The
multiplier phototube has an X-5 spectral response (sensi-
tive between about 2400 to 6200 A), that defines its
measurements as "broad band luminosity."

The other instrument measures four separate spectral
channels simultaneously. A medium quartz prism spectrograph
Hilger Model E498 with a wavelength range of 2000 to 10,000
A was used as the dispersive elemeént and four multiplier
photctube were placed at the camer= plane of the spectro-
graph. Slits for each phototube were set at the desired
wavelength and the spectral bandpass was obtained by ad-
justing the slit widths. The spectrograph was positioned
such that it viewed an area of ~l-in. by 1-1/2 in. about the
target axis.

The outputs of all multiplier phototubes used were
coupled directly from their anndes to cathode followers and
then to fast, high-sensitivity oscilloscope preamplifiers.
The rise time of the system was of the order of 10-8 second,
which was sufficient for time-resolved studies of the impact
flash. All data were recorded by oscilloscope cameras.
Neither of the optical instruments was calibrated for ab-
solute luminosity. The major effort in the preliminary
measurements has been to establish the observable signal
levels and operating parameters.

The broad-band luminosity instrumeut was used on rounds
20, 21, 22, 23, 24, 29 and 30 in the Phase III tests. A
summary of the results of these rounds is given in Table
XVil. Data were obtained for rounds 24 and 30 and are pre-
sented in Ficire 39, The zero of the time base in the figure
is at 25 ;sec after the trigger pulse from the light pipe
PM trigger. The intensity ordinate is in arbitrary units
for each curve., One major difference in the experimental
setup for these two rounds is that the charge collection
instrumentation was not in the target chamber on round 24.

The four-channel spectral detector was used only on
round 30. In this experiment the wavelength bandpass of
each channe]l was set at 100 A and the midpoints of the four

channels w.re set at 3090, 3550, 4500, and 5900 A. These
bands were chosen to detect aluminum and sodium line emissions

and a point of the continuum radiation specifically. One of
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TABLE XVII

SUMMARY OF BROAD sAND LUMINOSITY RESULTS

Round Results
20 Sensitivity set too high, signals off scale.
23 Oscilloscope triggered late, no data.
22 Protective shutter failed to open, no data.
23 Data obtained, usable for establishing
signal levels.
24 Good data obtained.
29 Projectile did not hit target, no data.
30 Good data obtained.
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the bans also includes several strong lines of the nickel
emission spectrum. The characteristics of each channel are

Channel Wavelen Band Emission Detectable
1 3040 to 3140 A Aluminum, Nickel
2 3900 to 4000 A Aluminum
3 4450 to 4550 A Continuum
4 5850 to 5950 A Sodium, and/cr
Continuum

The results from this experiment are shown in Figure 40.
The zero on the time bas«: is again set at 25 [sec after the
trigger pulse., Each curve is in arbitrary intensity units
at this time; however, the experimental settings can be re-
produced for future calibration. Some data were not re-
corded because signal levels were higher than expected.

There are gross differences in the broad band luminosity
data between rounds 24 and 30, especially in the time region
up to ~10 isec in which it is expected that the primary
impact flash event woula have occurred. We have no definitive
explanation for this difference in experimental set up be-
tween these two rounds; i.e., the charge collecticn instru-
mentation was not present in the target chamber during round
24. It is possible that the detector may have been out-of-
line for round 30 and had its field of view obstructed by
th. charge collection apparatus, or that the charge collection
apparatus does have some major eifect upon the luminosity
in the region between the impact target and the collection
rig. Further experiments, both with and without the charge
collection apparatus in place, will have to be performed to
resolve these differences.

Regardless of the differences in the luminosity as a
function of time curves between these two experiments, it
is obvious that tihere is an appreciakle light signal for
long times after impact and that there are various maxima
and minima in the luminosity-time history (none of the data
hae heen taken for a time base long enough to determine the
decay or extinction of the luminosity).

All channels of the spectral detector (Figure 40) ex-
hibited maxima between zero and 5 psec. However, the peak
luminosity in each case was not reached until a time beyond
10 ;sec. Since the data are incomplete, because of the
higher-than-expected signal levels, it is not possible to
¢dd the individual signals from Figure 4C to see if the sum
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would agree with that obtained from the broad band luminosity
measurement. It is noted that the signal for the 3090-A
channel does not seem to follow the same time behavior as the
3950-A channel. If these two channels were seeing only the
aluminum excitation radiation, one would expect them to have
similar curves. The 3090-A channel will! also detect nickel
radiation from the charge collector cylinder. This should
enhance the signal at later times, whereas it is seen that
the relative intensity of the signal decreases at the longer
times with respect to the 3950-A channel. On the other harnd,
if the 3950-A channel band pass settings were slightly off

so as to include some of the ON (0,0) band starting at 3883
A, which is often a strong impurity, this would distort the
meaning of the relative intensities. In future experiments,
this channel will be narrowed in bandpass to exclude such a
possibility.

In these experiments there are three conceivable sources
of luminous emission in the target chamber: (1) the primary
impact flash due to the projectile impinging on the target:
(2) secondary impact. flashes due to target ejecta impinging
on the charge collection apparatus and/or the chamber walls;
and (3) luminous gases passing through the impact hole in
the target from the front side, i.e., from the higher pres-
sure volume of the range. One would expect the time sequence
of thege three spurces to be in the ord . of their enumera-
tion. Imgact flashes observed on the jacident side of thick
targetsly2 are rather simple pulse-like flashes with a total
time duration of ~10 psec. While the experimental conditions
reported herein are appreciably different from those of the
references (observations are made on the back side of thin
targets), one would not expect the total time duration of
primary impact flash to be greatly different. It is sug-
gested then that the luminosity observed at the longer times
(20 to 40 or more ;sec) is due to sources other than the
primary impact.

It is obvious that further experiments are needed to
correlate time and spectral data for the analysis of the
observed luminosity. With such measurements, the color
temperature and spactral line excitation temperature may be

e R e b e e e tunntqa\n ~E dima
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1. R.W. MacCormack, "lInvestigation of Impact Flash at Low
Ambient Pressures," VI Hypervelocity Impact Symposium,
Vol. II, Part 2 (1963).

2. F.D. Rosen and C.N. Scully, "Impact Flash Investigation
to 15.4 km/sec," VII Hypervelocity Impact Symposium,
Vol. VI (1965).
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The preliminary observations of the luminosity at the
back sife of thin aluminum targets impacted with hyper-
velocity aluminum projectiles show a very complicated
luminosity history extending for times greater than 40 sec.
This observation was true both for broad spectral band de-
tection and for a series of four concurrent narrow band
(100A) detectors. It is suggested that the cbserved lumincsity
is due to more than the primary impact flash alone.

Further experiments are recommended utilizing both the
broad band spectral detector and the four-channel spectrum
analyzer to determine the spectral time history of the ob-
served emission. It is also recommended that image data bo
obtained on the luminous source at variocus times. These
experiments should be performed both with and without the
charge collection apparatus in piace in the experimental
chamber.

Charge Collection. - Previous qualitative observations have
indicated that electrically charged particles are emitted
from the site of a hypervelocity impact. The ions and elec-
trons thus produced can be collected by means of an elec-
trical grid system. The quantity of charge emitted depends
upon the initial particle velocity and mass, and upon the
characterisitics of the particle and target materials. Thas
report describes measurements conducted using a 22,0C0

fps aluminum prcjectile impacting upon a thin aluminum tar-
get. An initial set of measurements of the charge accum:lated
on the projectile prior to impact and of the charge released
as a result of the impact was made.

The two most obvious methods for detecting the charge
on the projectile prior to impact are the capacitive and
magnetic techniques. In the former, an induced voltage on,
say, 2 small cylinder through which the charge projectile
passes would be used to determine the charge magnitude. A
likely difficulty here is that the capacitance changes be-
cause cf the presence of the metallic projectile as it is
passing through the cylinder, so that a unique determinatiocn
of charge is not easily obtained. Because of this short-
coming, 1t was gecideud s proceed initiallyv using the mag-
netic technique. In this case, use is made of the fact tnat
a projectile carrying a charge Q and moving wi=h a velocity
v results in a current I. Thus, if a charge”™ , o~ jectile with
a known velocity passes through a coil, a cutre . is irduced
in the winding which is proportional to the projectile
charge.
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For our application, a toroid geometry was used with
250 turns of #3. wire wound on a 1/4-in.-0OD, 3/4-in.~ID
core having a width of 0.38 in. A charge-sensitive
amplifier was used to detect the charging of a capacitor by
means of the current induced in the coil windings (the
amplifier sensitivity, as given by the manufacturer, is
0.21 uvolt per electron). In addition to this instrument,
a pulse-shaping amplifier, which provided additional gain
for the overall system was used. Calibration was performed
using the scheme illustrated in Figure 41. The pulse
generator, used to simulate the current pulse of the moving
projectile, provided a l-usec-wide signal to the wire
running through the detector coil. The resistor R) was
used to vary the current within the desired range; this
current was measured by monitoring the voltage drop across
R2. The emf generated in the detection coil due to the
changing magnetic field associated with the current pulse
was simultaneously measured with the charge-sensitive
amplifier by determining the charge on capacitor C) (Fig-
ure 41). Table XVIII shows the output voltages obtained
for the range of currents chosen. These currents correspond
to projectile charges of from 1.25 x 10-15 to 6 x 10-13
couloiib based upon estimated hypervelocity range velocities
and the coil dimensions. That is, if x is the coil width,
v the projectile velocity, and Q the projectile charge,
the current i is given by

1=% &V

This expression is not precisely accurate since x is really
a mean magnetic field interaction distance and not exactly
the physical coil! dimension.

Figure 42 illustrates the scheme for calibrating the
system used in determining the charge released by the
impact. The Ortec pulser and capacitor simulate th2 charge
production of the event as seen by a collector grid in the
region of the impact. The pulser has a precision voltage
Aivider =znd wvarnier control for acourate amnlifier calibra-
tion. By adjusting the pulser output, the magnitude of the
capacitor charge was made to cover the range 5 x 10-14 to
1.35 x 10-12 coulomb. This range was selected on the basis
of previous related work as that which would likely include
the charge magnitude produced by our thin-target impacts.
Figure 43 gives the amplifier output as a function of
charge collected on the simulated grid.
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TABLE XVIII

PROJECTILE CHARGE COIL CALIBRATION DATA

IVOItage AcCross

Current in Output of TC.

Effective Pro-

Ky (mvolts) Ry, (Amp) 270 Amplifier jectile Charge
(Volts) (Coulomb)
0.25 1.25 x 1072 0.02 1.25 x 10713
0.50 2.5 x 1070 0.04 2.5 x 10713
1 0.5 x 1078 0.0& s.0 w 10713
2 1.0 x 10°2 0.15 1.0 x 10714
. 2.0 x 1078 0.30 2.0 x 10714
10 5.0 x 1078 0.80 6 x 10714
20 1.0 x 10”7 1.5 1 =i
30 1.5 x 10~/ 2.5 1.5 x 10713
40 2.0 x 10”7 3.5 2.0 x 10713
50 2.5 x 10/ 4.2 2.5 x 10713
60 3.0 x 10”7 5.0 3.0 x 10713
100 5.0 x 10~/ 7.5 5 x 10713
140 7.0 x 10”7 10.0 6 x 1073
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ORTEC Pulser i ORTEC
] Calibration ‘_4‘__, Preamplifier
; Source Model 105XL

I ' 5 pf

Model 105XL Sensitivity (0.21 yv/electron)

Figure 42 Impact Charge Collection Calibration Scheme

A vacuum chamber designed for pressures down to 10-6
torr was fabricated for the charge collection and radiation
measurements. The chamber was attached to the end of the
hypervelocity range with the aluminum target at the end of
a re-entrant tube (Figure 44). This assembly maintained
the pressure dil{ferential between the range and the target
chamber. The target chamber pressure began to rise
immediately upon impact and destruction of the target, but
the transit time of the electrons (from target to collector)
is much shorter than the characteristic pressure rise time
due to expansion of the gas from the range into the chamber.

Alsc shown in Figure 44 is th2 fiber optic cable which
permits the photomultiplier detection of the projectile.
The signal thus obtained is routed through a time-delay net-
work and used to sequentially trigger the two oscilloscopes
that record the projectile charge and impact charge signals.
Figure 45 shows the components of the recordinc svstem and
their relat.on to the sensing elements in the vacuum
chamber.

Five impacts were observed with partial or complete
instrumenta.. on. It should be noted that at the outset of
these experiments there existed practically no basis for
deciding upon instrumental gain and sensitivity settings.
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Sensor Coil Output in Units of Equivalent Projectile Charge
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5.0 6.0 7.C 8.0 9.0
Tennlac TC-200 Cutput (volts)Curve 1
0.4 0.6 0.8 1.0 l.2

Tennlac TC-200 Output (volts) Curve 2
Figure 43 Sensor Coil Response
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Thus, we rather arbitrarily selected values for the first
riring, and improved these as data were obtained.

An oscilloscope trace of the first particle charge
experiment is shown in Figure 46. Both top and bottom
traces indicate that the signal begins some 18 to 19 usec
after the primary PM tube trigger, a figure in agreement
with the anticipated projectile velocity. Though the sig-
nal went off-scale, an extrapolation of the lower trace
indicates the projectile had a charge of ~9 x 10-14 coulomb.
The second and third experiments failed to produce any
results, the former because a modificatior in the fiber
optic aperture resulted in a trigger failure, and the latter
due to what appeared to be an excessive amount of induced
noise. Data could not be evaluated in either case. The

Finmal ¢ avrnarimants mraditmand Aacn iwmAl caabkinesg = smeatacnds 1a
______ e e e e mee s~ «CTLuTS0 T3N3 LTSS TATANS S PRl et taaC

charge of nearly 7 x 10-13 coulomb.

The first of the five experiments, in which a 1/8-in.
target was used, indicated a charge of 5.3 x 10-13 coulomb
was produced by the impact (Figure 47). This charge was
collected using a 2-in.-diameter flat disk grid biased at
100 volts. Subsequent experiments were eith=r not instru-
mented for impact collection or resulted in signals which
were off-scale at the detecrtor.

It was found that an electrical charge is apparently
produced by high speed (-2 x 104 fps) aluminum projectiles
impacting on thin aluminum targets. To make the best pos-
sible quantitative measurements, a coil was used to deter-
mine che charge cn the projectile prior to impact and a set
of electrically biased collectors were placed downstream of
the target to determine the total charge present immediate-
ly after impact. Since no previous quantitative results
have been obtained for this sort of event and because of a
very limited theoretical basis, instrumental gain and
sensitivity adjustments were made rather arbitrarily at
the outset of the work. The signal strength was generally
larger than anticipated for the series of four or five
events monitored, so that a very modest amount of data has
been obtained.

The data that have been obtained for the projectile
measurements indicate that a net charge of ~10-13 coulomb
is present prior to impact. For the one case where both
projectiie and impact ~charge was measurid, the resuits
were 0.9 x 10-13 and 5.3 x 10-13 coulomb respectively.
This suggests that a little less than 20 per cent of the
total charge generated at impact may b= brought to the
collision location by the projectile.

100

D - —)

| S |

‘-’MJ

Lod bl samd



-

-y GUD 2GER 0 GED S 0 SO R Ry cees e

o el

Top Trace: Vertical Sensitivity = 0.5 volt/cm
Horizontal Sweep = 2 usec

Bottom Trace: Vertical Sensitivity = 10C mv/cm
Horizontal Sweep = 5 usec

Figure 46 Projectile Charge Impulse

Time >

Vertical Sensitivity = 0.5 volt/cm
Horizontal Sweep = 2 pusec

Figure 47 Charge Collector Impulse
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Much more work is obviously needed to construct a
meaningful model for events of this kind. An effort should
probably be made tc determine the dependence of charge mag-
nitude on projectile velocity and projectile and/or target
material. A brief analysis should also be made to corre-
late our projectile charge determinations with models of
projectiles and their shock waves moving through the atmo-
sphere. Of even more importance, perhaps, is a determina-
tion of the effect of spray or ejecta on charge collecticn
measurements made downstr<am of & thin target. Additional
high-speed photography ¢ ould be most useful in this regard.

Summary of Phase III Experiments. - Phase III experiments
have been completed with a hich dearee of success on vari-
ous measurements desired by NASA. Reduction of the data
has been completed and is presented in detail for each of
the specific areas. The experiments were set up and con-
ducted in three parts including some tests with supplemen-
tary instrumentation furrished by NASA.

Part 1, Normal Impact with Disk Projectile

To obtain normal impacts at the target with a disk
type projectile, several methods of launching the
projectile were investigated. Sabot and full cali-
ber projectiles were included in both smooth bore
and rifled launch tubes. A normal impact with a
3/16-in.~diameter half-caliber-long projectile was
cbtained. Launching the projectile from a rifled
tube provided adequate stability. Verification of
the projectile attitude was obtained with two
image-converter cameras along the flight path.

graphic Measurement)

Sequential flash X-rays were obtained on the
bubble growth for both 1/8- and 1/1€-in.-thick
targets. A single exposure of the bubble was
obtained with the image converter back-lighted
for both 1/8- and 1/16-in.-thick targets. Self-
illuminated exposures were made but failed in
obtaining a picture of the bubble. In the addi-
ticnal tests made with NASA's TRW image converter
framing camera, a picture of the bubble by self-
illumination was obtained.
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Part 3, lonization Measurements

Ionization measurements were made in a specially
designed high-vacuum chamber at a pressure cf
between 2.5 - 4 x 10-3 torr. Data were obtained
for both 1/8- and 1/16-in.-thick targets. The
following type measurements were made in these
experiments.

® The charge on the projectile prior to
impact on the target.

@ The charge resulting from the ioniza-

bdmem memmammd mdad ced Al A%m LAY - A
LAV QOOVLCLAGLTW wWa L LT VuMwvaAT va e

rear face of the target.
® Total integrated light from the bubble.

© Spectraldata recorded on film, and
recorded for specific band passes
monitered by photomultiplier tubes.

However, color temperature determination was not made
because time did not permit obtaining the required spectral
data for this effort.

Table XIX shows the firing summary, round by round,
for Prase III. A total of eight firings was made to estab-
lish a stable-flying, flat-disk type projectile. Four
additional rounds were then fired to set up a sabot catcher
plate ahead of the velocity station. Rounds 13 through 30
were then fired to obtain data for parts 2 and 3 of this
phase.
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