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Abstragt: A techniqus to measure the dynamie
expansion of a rallgun bore under conditiona of high
magnatic stresa has been developed. In thla progedure
bore deflactions arc detoected by a Mlehelson inter=
ferometer apparatus. Tha measurement is made during
application of a current pulse whilieh producea deflec-
tiona simllar to those In an aptual prolectile launch.
The techniqus hasz besan sucoazafully usad With three
different "barrel" configurations whoss ralls are
electrioally connegtad putalde the bore at the muz-
zle. These conflgurations were: a parallel plate
beneh model, & simple railgun, and an augmented rall-
gun. Even with the application of relatlvely modest
current, bore deflacktiona wars readlly measured. For
these low aurrent teata, the defleetlions scalsd aa the
aquare of the current indieaking that the forcas wara
wlthin the akpuctures’ elastle limlts,

Introduction

In a syatcm designed to aonvert stored eleoctrieal
anergy toe the energy of msechanleal motlon one Will
produae large foreces on the structure in addition to
the daslred aceelerating forees. The problem of
deflattions of current carryling conductors and the
effeatas on busbar supports has besn studied In the

power uklllby 1nduatryT and, more regently in fhe

development of electromagnetic (EM) 1auncher52'3'“.
The problem wlth busbara in the utility industey i3
aggravated by natural frequenciles of a2 few hundred
hertz so Lhat mechanleal resonance may he posslble.
During oparation, slactromagnetlc launchera must copa
with even higher tranzient currentz than the utility
induatry mpust gontend with under short olrcuit fault
conditions. wWith the snticipated use of sequential
pulsera (eg., Compulaators or other pulsed power sup-
pliea designed For high rate of Clre) the EM gun
deslgners may also hava to contend with resonance. In
any of these oazes, the Inadequacy of support satruc-
turez under trangslent magnetio foroea ocan lead to
degraded performance or catastrophic fallure. A study
ol the strucbural Lehavicor of 4 mechanical system can
2g8lst in pravanting failure as well as optimizing the
deaién for A glven parformance. Tn.developing rail-
guns as effiolent, long life deviees, an underatanding
off material daformation under pulas loading i3 necag-
gary. The bore's dimensieonal Integrity {s important
For both the armalure and Lhe projectile as they
travel tha langth of ths rail palp. Deformatlons may
arrect not only in-bore conditlons swoh az friction,
balleting, and launch atbitude, btut alao armature
fungtion; the fit of the armaturs to ths bore L5 crl-
tical ginee the armature muat complete the rail to
rail oircult by maintaining Lwo, high current, allding
eleetripal oontmrobks, Bore expanslon is a very lmpor-
tant facter ror the gontrol of plazma armaturez and
malntalning the contact forees 1n solld armatures,

The railgun type of alectromagnaktie launcher has
been widsly atudied, The =saentia) features of the
railgun are shown in Flgure 1. In the ailmplest fora
of the deviee, ceurrent 1ls applied to a normally
statlonary, parallel pair of conduchting ralla. A con-
ductor, either solid or gasecous, ras to 311do between
the rall palr, completes the circult and also carries
the =zame current. The moving conducting element Ia
zalled the armature. The Interactlon batween the
currgnt and its magnetie Ciald produces a [oree

" objects that will he moving (the rail pair),

tending to expand the gurcent carrying loop; this

laads, of eourse, bo acceleration of the armature,
Unfortunately, the same interaction which produces
projeqgtile acceleration alao produgea a tranalent,
bore diatorting, replusive foroe between the ralls.

ARMATURE PROJEGTILE

BRAIL PAIR

Flgure 1, Sohematio 1lluatration of a rallgun.

Interferomstry 1z a technigua which ia ussd bo
measure change in displacement of an object, Figurae 2
is & achematlc of a simple laser interferometer which
ahoWs the progeaa of aplitting a beam of coherent,
monoehromatle 1ight inte btwo beams.
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Figure 2. Laeer interferometer arrangement.

Beam A-D, the rclerence bheam, never changea Ln length;
beam A-B-C, the objeeb beam, iz refleacted by the

Bath
beams aré reflected back on themselves and recombina
at the aplltter. A phase differents batween the two
path lengthz may produce elther conatruetive or
destrugtlve lnterference of the beams. Aa the path
langth of the oblect beam changes the alternabs con-
structive and destructive inkerlerance produces a ae-—
quenge of light and dark fringea. 3inee the fringea
regult from phase difference in light of known wave—
length, & relationship between the number of [ringea
and movement of the oblect may be determined. 1In
dynami¢ bteats, an oscilloscope recerds the time-
varying output of a simple photodetactor whioh zenscs
the varying lignt intenaity ms fringes arc produoed.
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From thia record the actual change ln rall asparatioen
yeraus tige may he determined. High speed, long
record length recording equipment Is required Cor very
high current taata. This requiremsnt stems Crot the
agnaitivity of tha teshnigue which detegts dizplace-
ments on the erder of one-hall the wavelengih of the
light source.

In the work reported here, four sets of bore
deflection expepriments were performed. Tha First son-
alated of & rudimentary conducting parallel aluminum
rail pair, puleed with ocurrents lesa than 5,000
amperes. The second set of experlmenta involved a
170" gguare bére augmented gun rated for 150 kA, and
built by BRL., The main supperting slde walls are con-
atruoted Irom G-11, and held in place with bolts. The
final setz of testas were performed on two =mhort alee-—
tromagnetic railgun barral sceilons; 15mm and 50mm

aquare bores dealgned and bullt by IAP Reaearch Ine®,

The 15mm structure 1s rated for Y00 kA while tha
larger 1a rated for 1.5 MA. For the lakter three gets
of axperimeats, maximum currenta ware oh the order o
100,000 amperaa.

Interfarometer Arrangement

The intarlferometric componenta and thelr arrange-
ment employed in both the aluminum rall pair and all
the barrel experimenta are as shown in Flgure 2, The
railgun bore with its muzzle shorted does more than
simply expand. Axlal growth alao oegurs a3l magnetlc
forcas tend to drive the shorting bar foPward. TO
determine how many Cringes pazs in front of the detec-
tor for & glven change in rail-palr poaltion, let us
assume that each mirror movesa a dlistance of §/2, and
translates towards whe heam aplitter by an amount e.
These motions arc shown in Figure 3,
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Flgure 3. Optigal path longth changes for two

dimensional mirror metiona.

The nriginal optieal path ls A-B1-C1-B1-A and the
dlsplaced path ia A-B2-C2-B2-A., It oan be seen that
the total displaged peth A-BZ-CZ2-B2-A 12 longer than
the priginal path A-B1-C1-B1-A by an amount equal to
2{§ - ¢}. The number of fringes passing the detaotor
iz 2(§ - g)/A, where i La the laser wavelangth.
Tharefore the number of voltage vavel'orm cyclea in
time on the osgillosgope 1= proportional to the rail
pair separatlon change In time and i= given by:

& (L) w Nbs(t} £/ 2+ (£) (1)

whore Nbg(t) is the numbar of dotected peaks oceurring

In unlt time. The dlsplacement £ can eazily be mea-
surad under the same lead conditlons and at the same
rail loecation, by meunting a mirror perpendieular to
the rall aurface. Thea axfal growth 13 then:

£ (L) = Nag{t) )/ 2 {2l

where NaB(t) im the number of detected peake codiring

in unit time,
by :

The corrected bore sxpansion 13 given

8 (1) = (N () + N (&) ) %1 /2 o)

Experiment: Electrical and Machanical

The pulser used in these experiments 13 deserlbed

in detail elaewhereﬁ. I% la capable of delivering

maximum currents of 120 kA, in a 1/2 cyoele time of 830
microseconds.

A Rogowskl ecoll wasd uzed to measure the time rata
of change of current Flowing In the olreuit. The op-
tigal fringe detector consisted of a RCA hybrld eilli-
con photodiode with Integral preamplifler module. The
output of the ¢ircuit waz fed into a capaeitivae AC
couplar Wwith a 50-ohm terminator. Tha data was col=-
lected uaing a Nisolet 409Y oselllosoepe, A typleal
detector outpub trace taken on the aluminum rall pair
iz shown in Flgure 4. Thea actual displacement ia
obtained by simply counting the number of ainusoldal
puaks. Peak deflectlon (near zero rail valocity)
securs when a low olghal amplitude is sondurrant @ith
a low output Fraquencay. This can be geen at B6S us.
For thisz partioular axperiment, 29 fringes are
detected, corresponding to a peak expansion of 9.17
micrometers {.00036 in,), Maximum veloclty iz the
point whera the sinusoidal putput fraguency of the
deteotor is the highesat. This ogours at 3429 ps. The
peak veloolty Iz approzimately 21 mm/s.
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Figure L. Typleal detector output.

The exparimsental sstup for the rudimentary
aluminum rail pair im shown in Flgure 5. The aluminum
ralls are 2.3 mm (0.09 in.) thick, 192 om (7.5 in.)
long and 38.1 mm {1.% in.) hlgh with a nominal rail-
to-rall separation distance of 25,4 mm (1 in.).

Only the breech and muzzle ends of the ralla are
anchored te Flberglass/epoXy laminate (G-11) supports.
At the breaech a 5/8-1nch bolt inte a copper block 18
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uaed to ¢onnect the currant lsads (12 gage wire) from
the power supply to tha rajle, &ince no projoctiles
wara usad, the ralla were ahopted at the muzzle using
two 3/8-inch ateel holta. The flat mirror, ¢, ia
mounted to one rall with double aided tape while the
other mirror, 8, iIs held at a 45 degree angle by a
plexiglass mount attached ko the obher rail Ln the
dame manner. Both mlrrors were located at tha axlal
and granverae dimenaional centera of the raila,
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Flgure 5. Experimental setup for rudimentary rail
palr repluslon maeaaurament,

The 1/4" augmentad barrel experiments wera ast up
in much the same way excepk that the mlprrors wers
located 6" in from the muzzle end of cthe 24 Jlong
rails. The mirrers wero poaitionad midway bekween two
bolts of the contalnmant astructure, In addlblon to
these for inalde measurementa on the bors, a mirror
was fixed on the outalda of the 0-11 contalnment
struoture, opposite tha inaide measurement location.
This mirror was usad ln snother interferometric mea-
auremant of the gutalde atructure expanaion during a
current pulze. Bobth aets of daflaction meaaurements
were performed under various mechanieal load condi-
tlons aad peak surrenta, :

For the two, short barrwl-sasction axperiments the
interferometer was setup In a aimilar fashion.
Howaver, for both barrels, the bore measurements wara
made at two different axial locatlona. Also, mirrora
warae mounted perpendicular to the rail surfage Lo
measure the sxial diaplacement of the raill which
oteura when the muzzle shart ia driven by thes Lorentz
Foroe, Again, measurements were made at varlous
meahanical loads and peak gurrenta.

Optical and Mechanical Considerations

‘-Jeveral faotors were oonsidered in the optleal
equipment satup. Flrat, the optiesal path diffarence
patween raference and object boams must be within the
coherence length of the lazer. Singe thisz length was
unknown, tha problem waa glrgumvented by making Eha
path lengtha nearly equal.

L =econd considaration was the system's senslbiv-
1ty. Becauss the Interferometer will measure dis—
placaments amaller than an optical wavelength,
extremely amall vibrationa result in fringes passing
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the detector. To avold thesa amall vibrations the
apparatus wa3 assembled on & maszive teflon plate
iaplated by mounts of Low s3tiffnesa. Thua, only low
amplitude, low frequengy vibrationa wera tranaferraed
te Ehe aequipment. The movement af the raila during a
current pulae produced temporal changes in the inter=
ference pattern which ara signifigantly higher in
Crequency than those produged by external vibrations
within the teat area.

To avold unwantad interfarunce pattarna bhat
Qeeur when the beam is reflected back on ltzell at the
unsilverad interfapeg of bthe beam splitter, the
aplitter wasz Lllted alightly, requiring mirror "DV to
be movad for compensation. Now the two patha A-D and
A=B in Figura 2 begome non-perpendlcular and aceohdary
interference patterns do not appear whers the deteator
ia logated. Secondary reflactiona at the f£lat mirroea
wera eliminated by the uze of front-surface sllverad
mirrars,

The above conglderations were genarally easy to
compangate for end did not aigniricantly hinder the
experiment onee the inltfal satup was refined.

A. Aluminum Rail Pair

A similar experiment was performed previsualy?
with a aingle erowbarred ocapaocitor which provided an
exponentlally decaying current pulse. The bore axpan-
alona obtained from paat Leabs agree with more roacent
Lesting uaing g half eyecle 3ine wave currant pulsa.
The hore expanalons obtalned are plotted az =2 fungtion
of time in the lower portion of Figure 5, For com-
parizon the bore expansions meagured previoualy are
als0 plotted. The upper portion of Figure & shows a
current pulsze from each experiment.
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Sihce thia messurament includes both the Dore
groWth as well aa any axial displegnent of the wirrora
a macond measuremant wWas performad. A mirror wab
gounted perpendieular to fhe aluminum rail surface at
the same location. The measured axlal growth waa only
4y - 5 % of the bora growth measuread.

B. 1N Augmented Gun

A photograph of tha augmented gun and 1ts expari-
mental setup is shown In Figure 7. The mlrror [or tha
outaide measurement can bg seen between the 5th and
Gth bolf im the picture. Because of the alme of the
hora, 1t wea diffiqult to mount the mirrora in the
pore =nd 3till oblaln = return baam at fthe baam
splitter. A dimtance of G lnchea in from the muzzle
ylalded acceptahle results and located the mirrors
between two Dolb pairs. The muzzle short relied on a
friational Fit Detwesn the rails and the copper blocks
to obtaln good eleetrical.contact. If 1a nob Known

how much the coppsr rails atrehch in the axial direo-
tion with this type nf eonneation. :

Figure 7. Photographs of augment.ad rallgun and
{nterferomater arrangement .

Initial testa were performed with a prototype of
the four medula power supply, The half cycle time of
the current pulas was changed From 300 miorosaconda Lo
1 milliascond and the bore dellachlon was found to ba
insensltiva Lo the pulse width change. The top
portion of Figurs B ahows two typlezl current pulaes
obtained with ong module. To gheck the mirpcr'a
position relatlve to the canler line bpetween Lhe
bolts, one pair of bolts waz renpved adjacent to the
muzzle gnd of the mirrora and the gun was palasd.
Then the palt palr was raplaced and the bolt pair

635

adjacont §o the breech end of the mirrors was removed
and the gun wAs re-pulsed, Theres was né differencs In
the number of Pringas obtained. Slnee the 1/4" guns’
contalnment strueture Was of the belted type, only
thraa Dolt pairs per mirror side (BP/MS) were varied
in korgue. All remaining bolta were kept fixed at
56.3 Nem (500 in.-1b). This waz done Cor various
initial charge energles, The resulta for the inaide
and outslde measurements of deflectipn are plotted
veraus diffarent peak erurrenta for two dlffarent-
korques 1 the lower portion of Figure 2, In Lhls
rigure the dlsplacement of one rail has Deen anaumed
to be one half of the measured bore expanaion.
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Figura B. Typical current waveforma ve, tima and

dofleation vs, current for 1/4 lngh
augmented railgun.

€. IAP Barral Teaks

The configurablonz tested hora wWere typleal
square borc rallgun cores but with a high atiflfneas,
laminaced metalllo containment abrueturs. Calcula-

Liong by the dasigner55 predict a bore expanalen of
127 micrometers (.005 1in.) at rated current for the
15mm barrel and 254 micromgters (010 in.) at rated
aurrent For the S0mm barrel. The mirrora for hoth
bore growth and mxial growth measurements were mounted
{n tne bore at twe diflerent lecationa. the 'o1t! of
the G0mm eore asaembly bto the contalnmant gtruckure
was less than design specification and therefora
yielded larger deflectionz then pradicted. A summary
of the reaults from the i5mm barrel is tabulated in
Table 1. The table ineludes both bhore and axial
growth measurements made at two different axial

B oos/007
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locationa; 5.5 and 11 inchea ln I'rom bhe muszle end
of the rails,

The reaults for the S0mm barrel besks apro
tabulated in Table 2,

Table 1, [AP 15mm Barra! & 600 in-1h,

TPeak | 5.5" from Rail Ead 11" from Rafl End
Current [ B.G. AG, Coreseted B.G. [ B.C. A G
(kA) | (pm) {gm) (prze) {gm) | (um)
50.0 | 0.9 318 1.28 1.2¢ [ 1.28 0
, 625 | 1.58 36 188 | o+ * 0
7.0 291 6 2.33 2.84 2.54 G
875 2.54 Gaz2 3.48 * * *
100.0 3.79 840 4. T4 4.43 411 316
' 112.5 | £.43 049 537 | 537 | 806 | 316
| % = Data Not Taken.
! B.G. = Bose Growlh.
| As, = Axdal Growth.
|

B Table 2. YAP 50mm Barrel @ 1200 in-1b.

Bore Growth Measured @ 11" from Rail End.
Asial Growth Measured @ 7.5" from Rail End.

Peak

Current | B.G. | A.G. | Corrected Bore Growth
(kA) () | (pm) {pim)

50 1.26 | 314 1.58

75 2.53 632 3.16

100 4.11 | 949 5.06

B.GG. = Bore Growth.

A.G. = Axial Growtl.

Bore growth measuroments wora mads at 11 inahes in
from the muzzle end of the ralla while axial growth
meagurements were made at 7.5 inches in From the
muz2ls end of the rall. B5ince the core azzembly was
not at the dealen specification, further measuremsanta
were nob pursued. The upper and lower portlons of
Flgura % show  typioal interferometcor detactor
outpuks Forr tha bore growth and  axial growth
moasurement on the 15mm barrel, rempeatively. The
reducad fringe deteotor aignal amplifude concurrent
witn the Lower signal frequency 1s representakbive of
peak deflectlon and near zere rail valvclty. Thia
oondition ooccurs on tha bore growth meazurcment data
at 223 mierosecondsa. The velooity of the ralla 1a
directly related to ths {natantancous frequsnay of the
output signal, Maxlmum volocity waa reached near 97
migroseconds. Peak currcent ococurs at 350
mierosecands. The peak axl[al growlh dowss not ocour at
peak current nor at paak borae expansion.

There are two sourcea of error Lo be considered
in this laat experiment. To a8implity daka analyais,
thu puak vurrent was sgaled as tha initial charge
voltage on the bank. This approximatien gave the peak
ourrent Lo within 2 kKA for all values which wara croas
checked. Secondly, the bore growth moasuraments and
axlal growth measurements were aot performed at the
same time., However, assambly differences from test to
teat were made as owall as poazible,

Resulk3a

In the aluminum rail expsriment, the gingle-
module faprelior current was limited to less than
5,000 amperes. Thers was no contalnment slruclburs to
keep the aluminum rail palr from deflecking. In this
configuration 1t was round thak meazurable deflee-

: tlona oceured eéven with very low ourrents. Without
! o5 eontalnment, peak deflecgtion ooours long after peak
] current.,

oog /007

The 1/4" augmented pun proved difficult to
measure doe to the small soale of the barrel and laek
of precizion opiieal eguipment. Alas, theras was no
uurreg%}ﬂp made [or the axlal growbth of tho ralls,
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Flgure 9, Interlerometer detector output for bora
growth (upper) and axial motlon {lower) on
the 15 mm JAI® harrsl.

Nonethelasa, the ouksids G-11 dontainment atructurs
daflaction measurement should he insensitlve Lo axial
growth, and represents an uppur bound of delflection
measured at the raill surfaoce. At rakted aurrant, there
Will ba 52.3 micrometars {.00? 1n,) of hore sxpanalon,
Thia result ia being weed as a deslgn eriterion for
our zolld armaturas.

The IAP ahort barrel sections requlred currents
greater than 25 kA to producs detactable dslflectlions.
In both of theae very stiff structurez it waz Found
that the contribution due to axlal growth waa 25% of
Cho madaured bore growth, Thia was corroborated from
the meaaurements made at two axial locations. The
meaaured peak deflaction for the 15mm barrel, scaled
to the dealgh currant of 400 kA, i3 68 micromelers
{.0027 in.), Uh% lea=z than the predicted value.

In the alumimm rall palr experiment the rails
have moved 133 than [0% of choir peak deflsction at
peak current wharsas the avgmented gun and short
parral-scetion raila have moved 95% of bhaie rinal
deflaction ak peak current. Maximum ourrent was 3,600
amperes in the aluminum rall experiment, 70,000
amperas 1n the augmented gun, and 112,000 amperes in
the IAP barrsl tests. The corresponding maximum bore
e¥punsione obtained were 4%.6 migrometera (.0017 in.},
1.4 micromebers (.00047 1n.) , and 5.37 miorometsrs

o
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(.00027 in.). In all axperiments the bore deflections
aoale as the square of the current.

Coneluaion

The laser ilnterferometric technlque hag proven
yeeful in making small, dynamio deflection meaaure-—
ments in zystems under large alectrical and mechanleal
stress. The interference zignal pattern was easlly
tranamitted to the detector from tha railgun atrue-
turge, In areaz of hlgh elecirlecal nolsze, a fiber
optic cable gan be used bo transmit the optical 3ighal
aven furthcr from the apparatus being bteated. Two
drawbacka to thim technlique become evident when
recording and analyzing tha data. Firat, lor large
defleckions & trade-off has te be made between the
gampling rate mAnd the window widbh ol the oseclllo-
agopa. Second, WIlth thlg technigue the interferometer
MeAgures separation change without indieablng whether
the ralls have expanded, contracted, or tranglated.
This produces soms smbiguilty in the data reduction 1f
the initial dirastion of rail motion iz not known.

Other factors do, however,. reduce tha ambiguity. Tha
maxitmum rail =zeparation oceura when the waveform
becomes reduged in both fraquoncy and amplitude. When

no rail metion 'Is oeourrlng only ayatem vibratlons are
obaerved ULy Lhe detector and thess appear as slight
nolse in the algnal. Theds experiments do not require
tha uzma of axpensive optleal ocomponents although
3ggess to the proper egquipment would greatly ragill-
tato.the zetup and alignment of the intarferometer.
The techniqué .allows immediate return of the data and
exgellant measuremant accuracy.

With electromagnetic pgun developers requiring
much stiffer rallgun barrels thia technique should
provide = valuable tool for structural disgnostios and
veritfication of finite elemant analysis. The measured
deflactions are not an indileatlon of material atrain
or a prediétion of material tallure; however, the
deflectiona obtained under the pulas loading can be
uaed directly in designing obturaters or contact
compliance aurfaces for solld armaturea.
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