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REALISTIC WARHEAD AND BLAST SHIIZID TESTING OF CHEMICAL ENERGY TANDEM WARHEAD
SYSTEMS FOR AtWANCED ANTITANK MISSILES

David B. Fradkin, Lawrence M. Hull, and Gary W. Laabs

Los Alamos National Laboratory
Los Alamos, NM 87545, USA

ABSTRACT

The results of dynamic sled track performance testing of advanced tandem configuration shaped-charge warheads against
multiple-reactive-element tank armors are presented. Tandem configurations utilizing both currently fielded and
experimental shaped+ harge warheads were tested. Sled velocities used were between 400 and 1100 ft/s (Mach number 0.35
to 0,95), typical of the terminal approach velocity of “fOW-type antitank missiles. High-speed motion pi::ures
(5000 frames/s) of the sled in operation and a typical “mock missile” warhead package approaching the target are shown.
DetiLils of the sled design and fabrication and of the warhead package design and fabrication am presented. Sled track
instrumentation is discussed. This instrumentation includes foil make/break switches and associated time interval meters
(TIM) and digital delay units (DDU), magnetic Hall-effect transistors for measuring sled trajectory, and fkh x rays (FXR),
Methods for timing t-hex rays are presented. Schematic functional diagwrts of the experimental setups are also given.
Evidence of the ability to accurately time the delay between precursor and main warheads for even very long time delays are
presented.

FXR pictures illustrate the dynamics of the interaction of the jets with various target elements. The interaction
dynamics of the jets is discussed in tdadon to h ovemll pemetmtion performance of the tandem warhead. The use of x-ray
fluorescence spectroscopy to help diagnose interaction dynamics is ilhtsrrated.

The results of a testutilizing the missile propulsion rocket motor as a blast shield is presented. FXR and microwave
interferomerry were used to track the axial moverrmt of the motor as a function of time. The results show the
effectiveness of the motor as a blast shield in tandem designs where trte motor is @ted between the precursor and main
cbarges. Confirmation of this result in full-up sled tests is also discussed.

1. INTRODUCI’’ION

The goal of this program is to develop a shaped-chqe tandem warhead configuration that is capitble of defeating
robust multiple-reactive-elctrent heavy armors. Such an armor is shown schematically in Fig, 1, To defeat such an armor,
two warheads are used. The fmt shapeckharge warlm.4 the precursor, should detonate both of the reactive packs. The
second warhead is detonated scn,mime later, when the reactive pack tamper and flyer plates have cleared the shot line or are
moving at low velocity so they do not substantially disturb the jet. This jet then attacks the main hull armor, A typical
warhead arrangement is shown in Fig, 2,
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l’igurc 1, Tyl)ical multipte-rettctivc. pack armor.
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Figure 2. Typical tan&-m-warhead cc,ntiguration.

In such an arrangemen~ a blast shield must be placed between the precursor and main charges to protect-the main
charge dJrh’Ig the often substantial time delay between the firing of the two warheads. Our goal in this study was to test
warhead configurations that could be used in advanced TOW-type antitank missiles. ‘To this en4 we looked at vtious
combinations of fielded and developmental warheads. As far as blast shield designs were concernecL we wished to minimize
any parasitic weight of the blast shield. We therefore wanted to test the use of the TOW rocket mo : itself as a substantial
element of the blast shield system.

2. BLAST SHIELD STUDIES

2.1 USE OF TOW MOTOR AS BLAST SHIELD

Figure 3 shows the experimental arrangement used to test the concept of using the TOW motor as a substantial
element of the blast shield system.
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Figure 3, TOW motor blast shield test assembly.

The missile safe-and-arm device, and the gym, batteries, and circuit boards also aided In blast shieldhttt, To act as an
effwrdve blast shiel& tha TOW motor must maintain mechanical integrity and not move backward in~ tie &u Wa&~--

dml~ the period between the firlrtg of the precursor and main warheads. Dlqpdca used to determine motrw htte@ty and
poshi,on wem three 450-keV flash Y,rays and an 8JMIHz tnlcrowave htterferometer (McCall ct al,, 1985), A Luclrn disk
covered on the back surface with olurtdnum foil ww supported from the back of the TOW motor, just behhtd the nozzieg,

m act as a reflector for the microwaves. “ro shnuhme the htettia to idkibody reanvard motion of the actual mLssile
.- .-.-— . . .-.



provided by the launch motor, the back of our “mock” missile was butted UP against a Polymethylmethacrylate (PMMA)
plate, which was restrained from rearward motion by a sandbox. Holes through the SiUIdbOXid PMMA plate allowed the
micmwaves to reach and return from the reflector. Figure 4 is a photograph of the assembiy with the rear missile-skin
section removed to show the microwave retlector. Figure 5 shows the arrangement of the microwave interferometer. The
interferometer is a microwave analog of an optical Michelson interferometer. The results of this experiment are shown in
Figs, 6 and 7. Figure 6 shows the reduced data from the microwave interferometer. A displacement of about 30 mm is
observed 1500 w after the ITOW warhead was detonated. Figure 7 k a rnple-ex; osurc radiotyaph of the event. Exposures
were taken at 250 W, 750 W, and 1500 w after warhead detonation. The good mechanical integrity of the TOW motor
during the entire time du.mtion k evident. The reatward movement of the motor can be determined from the position of the
nozzle fiis and the microwave reflector. At 1500 W, a displacement of about 30 mm is observed. in excellent agreement
with the microwave interferometer data These resuhs gave us confidence that the Tow motw would act a.. an effective
blast shield for precursor warheads with explosive weights as high as that of the ITOW (2700 g of LX-14). Many of our
tandem warhead configurations thus used the TOW motor as the main blast shield with a Mincel #12 foam cone, weighing
only 89 g placed in front of tie motor (personal cornmttnlcadon, Wahetx. W., 1989, U.S. Army Ballistics Research
Laboratory). The efficacyof this design is shown in Fig. 8, which is a 2.3-MeV radiograph obtained during a dynamic sled
test showing the TOW motor and main warhead more than 2000 w after the precumor was detonitted.

Figure 4. Blast shield test “mock” missile showing microwave reflector.

2,2 USE OF A SINGLE STEEL DISK i4S BLAST SHIELD

For use in another missile design, we also investigated the use of a single steel disk as a blast shield. A reproduction
of the radiograph of the static test cont@rat.ion is shown in Fig. 9, An lTOW was used as a surrogate for the precursor
warhead. ~le “donut” seen on top of the steel disk is a high-pressure gas bottle used for a Joule-Thompson cooler for the
infrared detector on the actual missile. This high-pressure bottle was used in the t~st because it is part of the blast shield
systcm. Figure 10 shows the condition of the assembly several hundred micmsecond$ after detonation of the precursor
warhead. Little deformation of the blmt shield is seen. in fact radiographs taken at later times in subsequent tests of this
~xmfiguration show that we are observing the maximum deflection in Fig. 10, and that the bla$t shield actually springs
bitck toward its original shape at a litter time. Note also that debris from the Precision Initiation Coupler (PIC) assembly
(d’ the l“rOW has hit the high-pressure gus bottle, Figure I I shows the results of a PINON hydrocode calculation overlaid

on the radiograph of Figure 10. The agreement is excellent. Note that the calculation ha~ accurately predict?d the folding
!)t the missile skin just below the blast shield mounting station, and the impingement of debris from the PIC on the high-
prsssure gas bottle. This result gave us confidence in using code calctthttiom for detailed design of the bhist shield system.
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Figure 5. Microwave inteti”erometer for blast shield movement experiments
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Figure 6. TOW motor displacement+ as determined !lom micrcwave interferometer
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Figure 7. Triple-exposure radiograph showing TOW motor integrity and position.
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Figure 8. 2.3-MeV radiograph showing the efficacy of the TOW motor as a blast shield.
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Figure 9. Setup record of the test arrangement using a shape&steel disk as the blast shield,
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Figure 10. Reproduction of rhe radiograph of the blast shield and high-pressure gas bottle several hundred
microseconds after detonation of the precursor wdwad,
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Figure 11, Comparison of PINON hydrocodc calculation with the experimental results shown in Fig. 10,
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3. DYNAMIC SLED TR.+CK TESTING OF T.\NDEM WARHE44D SYSTEMS

3.1 SLED TRACK CONF1GLWATION

The Los Alamos sled track is 1000 ft long. The sled can be launched from any position along the rail. The usual
launch point is 800 ft from the target end of the rail. In its present configuraaon. the sled has carried payloads of up .O
78 lbs to velocities of between 328 ftis and 1090 ftis (Mach numbers of 0.29 to 0.95). Any range target can be
accommodated including those with multiple reactive packs. We have tested shaped-charge warheads up to 7-in. diameter.
Any tiner material also can be tested. Both direct attack and fl y-over shootdown configurations can be tested. Missile dive
and pitch angles can be simulated by adjusunent of ta%et obliquity and mounting angle of the warhead package on the sled
frame.

3.2 DIAGNOSTICS
—.

Timing. fting, and-dagnostic equipment include the following: one Hewiett-packard 2.3-Mev flas~i x-ray uni~ two
Hewlett-Packard 450-keV flash x-ray lmits, 40 channels of 1 ns m 99s (~ 3-ns-accuracy) time interval mews (TWW 10
channels of 1 ns to 99s (A 3-ns-accuracy) digital delay units (DDUS), I.hreehigh-speed ( 10,000 framews) movie c~rm,
and four independent capacitive discharge units (CDUS) that provide the high-voltage pulse to detonate the warheads ln
general. the two 450-keV x rays are used to take ritdiographs of the precursor and main jets in the reactive packs of the
target+ and the 2.3-MeV x ray is used to take a radiograph of tie main warhead at or shortly after detonation. Both the
TIMs (personal communication, Martin. A. D.. 1988. Los Alamos National Laboratory Group M-8) and the DDUS.
(Martin, i988) are Los Ahmos designed and constructed. Near-term additional diagnostics include a Maxwell Laboramries
8-MeV flash x-ray (PIXY) machine, which is due to become operational in August of 1990. A Cordin Model 330A
combination rotating-minor sireak and framing camera has just become operational.

3.3 SLED AND ‘ MOCK” MISSILE ASSEMBLY

The sled assembly is shown in Fig. 12. Variants of the design allow use of from one to four 2.75 -in. -diameter Mighty
iMouse rocket motors. and one or two 5-in. -diameter HVAR rocket motors. For safety reasons. there is no power aboard the
sM. Four knife blades are used for transferring power to the sled: two am for the circuit for each wwhexi. These blades cut
the screens of two individual screen boxes at the target end of tie ~ack+ thus providing elecuical contact to the warhead

detonators. An additional knife blade is used to cut a foil mak~break switch to provide a time fiducial when the precursor
has reached the proper standoff from the tar~e~ Sled velocity is measured using Hall-effect transducers located along the

side of the rail. A magnet mounted on the side of the skd triggers the t.fansducer as it passes over tie transducer. A pulse is
sent to a dedicated ~ when each transducer is triflgered. The resultant Ume-vs-position data are differentiated to yield
velocity-w-position values,

Figure 12, Rocket sled itssembly.

A typical” mock” missile used for testing developmental warheads md confi~urations is shown ready to be mtntnted to
Pie sled in Fig. 13. Each warhead and the TOW motw ati foam blast shield are cemented into individual cylindrical
sections of 6-lb/ft3 foam. The foam in turn. is cemem@J into a section of 8-in. ”o.d. by 0J372-in.-wali aluminum tube.
‘The three aluminum tube sections are bolted together by m=ts of aluminum connecting rings. The assembly is attached

to the sled frame with threaded mds attached to tie two connecting fings Md tie two Nbe end-section rings. The sled and
warhead a,,sembly ready for launch are shown in Fig. 14. We we also capable of testing fielded missile and warhead
systems against advanced armors. Figure 15 shows a HeM’mmissile mounted on the sled reedy for test.

—, ---
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Figure 13. Typical “mock missile cotilguration used for sled developmental tandem warhead tests.

3,4 SYSTEM OPERATWN

The operation of the entire sled track system and diagnostics is illustrated in the functional flow diagram shown in
Fig. 16. The fn button triggers DDU channels, which start the high-speed cameras before triggering the low-voltage
CDUS that ignite the rccket motor(s). As the sled approaches the tafget end of the mwk+ the four knife blades used to
detonate the warhead cut into the screensof the screen box. When the precunor warhead reaches the proper standoff from
the targeq the additional knife blade cuts the trigger foil switch mounted on top of the right screen box. The foil switch is
powered from a Model DM 10 WM Velocity Screen Monitor (personal communication, Martin, A. D., 1938, Los
Alamos National Laboratory Group M-8). when t.k foil switch is broken (or shorted) by the knife blade. the WM sends
out a 20-V pulse that triggers CDU #1, which fm tie pmmsor warhead ad causes the TIMs to start counting, the

additional DDU channels to mgger the x-ray tmifs at the preset delay times, and the DDU channel to set thetimedelay for



[nggennQ CD~ #2, which &tona[es the masn warhead. Foil time-ot’-amvai (TOA) switches. ldenucal to the trwger foil

switch. ;e placed in the target to mea-we the time at which the precursor jet reaches tie t~get. tie time at w~ch tie
reticuve packs detonate and the jet penetraaon velacity’. Operauon or the TOA switches is the same as for the rnggcr foil
switch. except that now the VSM sends a pulse to the stop on the TIhf. The x rays may also be triggered from tie break

(or short) time ot’ a TOA switch. For this case. the VSM sends a pulse to the DDU. which sets the delay to uigger the x-

rav uni~ As wirh the foil TOA switches. the times for the piezoei=rnc pressure pin switches and for ionization pin

switches can also be recorded on the TIMs.

Figure 15. Hellfn missile ready for launch.

4, TYPICAL EXPERIMENTAL RESULTS FROM SLED TESTS OF
TANDEM WARHEADS

4.1 IXAGNOSTIC REQUIREMENTS

Because this paper is unclassified detailed ptXf~Ce reSIdtSof specfic warhead configurations against spxific
armors cannot be presented. However. it is impmtant to note that our experiments have illustrated the need for extensive
diagnostics to properly analyze the dynamics of tie warhead-target interactions. We found that the sole use of TOA
switches, ionization pins, and tefmtial obs~~tion of he mr plates recovered after the shot can lead to ambiguous and
sometimes erroneous conclusions. We found that tie use of a Visutiution techniqu~ such as the extensive use of flash
radiography, is essential for adequate interpretation of experimental results.

In the discussion of the blast shield studies. we have already seen an application of flash radiography as a valuable
diagnostic in static tests (Figs. 7 and 10). We have also used flash radiography as a primary diagnostic on dynamic sled
tests of full-up tandem warhead assemblies. ~~ysis of *=e radiographs provides valuable insight into the jet-target
interactions. The possible extent of interactions between the target and the missile is illustrated in Fig. 17, which k a

2.3-MeVx ray of the main charge and TOW motor taken 100 w after the main warhead detonates. The tamper plate from
the fmt reactive pack has impacted tie TOW motor. The jet with its spail bubo!e can be clearly seen exiting the TOW
motor and tarnper plate.
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Figure 16. Functional flow diagram for sled track and diagnostic operation.

4.2 DYNAMIC JET-TARGET INTERACTIONS

M example of jet-target dynamic interactions is afforded by comparing the results of the radiographs in Figs. 18 and
19. Figure 18 shows a 2.3-MeV radiograph taken 100 w after main wad%d detonation. lTe main jet has passed through
the TOW motor and is about to stie tie UPW edge of the fhing fh-t’=tive-pack tamper plate. in this sho~ we did not
defeat the target. We believe the main jet was severely tismpteci by the wnper plate. Basedon this resul~ we repeatedthe
shot but increased the time delay kwmt h? pfecumr detonation and tin warhead detonation to allow the tamper plate to

clear the shot line. Figure 19 shows radiographs from *is test me top image is tie 2.3-MeV x ray showing tha4 indeed+

the main jet is now clearing the tipef plate. The bottom image k a dwble-exposure 450-keV radiograph.From the fnt
exposure, the lower image, we tifer that the precufsor has ignited tie f~t t’eactivep=k because the two leftmostplates in
the picture are only beginning to fly apart. T%esecond exposure, the upper image, shows a still well-formedmainjet.
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Figure 17. Photograph of a 2.3-MeV radiograph showing tamper plate impxting TOW motor.

.—

Figure 18. Photograph of a 2.3-MeV radiograph showing the main jet about to hit the tamper piate,

We have also used flash radiography to study the effectiveness of various precunors in detonating multiple ut.ive

packs in armor of the type shown in Fig. 1. For cxarrtplq the lower image of the dotsi’keaposurc 450-keV x ray in
Fig, 19 shows that ‘he precursor jet has ignited the first rcwive pack. lle second exposure, the upper image thatis taken
sometime later, shows that the precursor also ignited the second rcactiw! pack: the two darker, septuated phttrs are in the
lower-right ~nion of the picture. This result verifies the conclusion retiched from the TOA switches located on the seccmd
reactive pack. These dnws were 151.7 w after detonation of the precursor for the switch bcati on the front of the second
reactive pack, and 213.5 w after detonation of the pmt.rsor for the switch located on ~~eback of the second remive p~k.
Both these times arc well before the main warhead is detonated In Fig. 20, a case is shown in which the pmurscrr]et
ignited the first reactive pack but failed to detonate the second reactive pack. The fwst cxprsure, top image, shows the fmt
reactive pack as the lighter image at the far left: the seaxmdm.sctive p~k Is the lighter, rectangular objecu in the center ~f
the picture. The second exposure shows that he first re~tive plute is gme, but the darker, rectangular object in the center
of the picture is the second rem.ive pack. which has still not begun [OSepilte. The main jet cm be seen entering from the
left side. The switch data in this cmc were inconclusive; the switches uiggcred well after they should have, if the precursor
ignited the second reactive pack. but still well befme the main warhead detonmcd.
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Figure 19. Top: 2.3-Me’I radiograph showing main jet clearing the tamper plate.
Bouom: Double-exposure 450-keV radiograph showing that the ptecursordccnated both reactive packs, the
precursorjet exited me stripper plate, and the main jet was about to enter the broken stripper plate.
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Figure 20. Reproduction of the 450-keV x ray showing that the precursordid not detonate the smond reactive pack.

We now present an interesting example of the necessity of sophisticated diagnostics in analyzing the petfonnance of

[mdem warheads againstmultiple-re~tive-pack armors. ln this test the precursor jet used a copper liner itnd the main jet it
titntahtm liner. The ~argetww n~)t defeat~. JIw switch data indicated that the precursor did not detonate the second mnctive
puck, However, both the Ilyer and tamper plates from the second reactive pack were recovered after the shot. The tamper
plate had a very large hole with two distinct lobes through it+ indicating that both the precursor and the main jet had
penetrated it, The flyer PkI@ had two distinct large holes through it. confirming that both jets tiad penetrated it. From the
size of me holes, it Wa hwd to im~gine that tie pr~cursor wt did not ignite tie re~~ve pack. ~otll the t~mrr PlaIC and
:he flyer plate from the first reactive pilck were also rwwcmd, in the tamper plate was a hole through its middle. Ile flyer
plate hod a hole though its n,idpoint, imd a long slot ut the top. Thus the preponderance of cvidcrwc was that the precursor

had indeed igmted both reactive pwks. imd the mi~in jet notched the front flyer P1-ite. The single-exposure 450-kcV x-ray

shown in Fig. 21 shows that the precursor did not detonate the second reactive pack. Then how do we explain the two large
holes though the second reactive pwk’! We sent the plates tbr testing by x-rity fluorescence spectroscopy of the material on

the edges O! the holes, The material in both holes in the second reactive pack flyer plute contained only tantalum. No



copper above che level in a blank s[eel sample was detected. The material in rhe hole in the t-ist reacuve pack tamper plate
was copper. No tanralum was detected. Thus the copper precumr jet ign.ired she fuxt reactive pack but not me second.

The tantalum main jet bifurcated and detonated the second reactive pack.

Figure 21, 450-keV x ray+hows premrsor did not detonate the second reactive pack
-.

4.3 FAILURE ANALYSIS

An example of the use of flash radiography for failure analysis is afforded by the 2.3-McV radiograph shown in-

Fig. 22. The records from the 450-keV x ray and the TOA switches showed that Lhepmau’sor did not penetrate the fmt
reactive pack. Figure 22, taken 135 w after the mm washead detonate& shows the main warhead jet penetrating the igni[er

tube of the TOW motor. lt also shows that the precursor warhead did not detonate. I%e precursor is not in the pro~r axml

position in tie assembly. It should have been several inches fader fosward. lt has slid back in its mountmg during the
sled ride, and rhe detonator appears to have been broken off the back of the charge when it hit the tip of the foam blast
shield. As a result of this detemnhrion, we redesigned rhc precursor warhead mounting. A subsequent rest of the

redesigned configuration was successful,
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Figure 22 23 MeV x ray showing undetonated precursor worhead

5. CONCLUSIONS

We demonstrated M ability to integrate a variety of dlagntntics with a dynamic sled track test facility to study tandem

warhead jet-mrgetdynamic interactions, llte necessity of using multiple diagnostics. including flash radiography, to

prrqxrly diagnose the performance ot’ randem warhead anti tank missile systems against muluple-reactive-pzk armom has
been demonstrated. Our tests show that the precursor warhetul must detonate dl the reactive packs for good performance
figainst the targets. In many tests, we have seen significant differences between the dynamic sled track msrs and static tests
of the same configuration. W(: conclude that more dynamic-stmic test comparisons need IO be pertormed to understand the

rmons for the observed d.iffcrcnces.
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