
428

A physicist examines the Kennedy assassination film*
Luis W. Alvarez
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The motion picture film of the Kennedy assassination taken by Abraham Zapruder was one
of the most important exhibits examined by the Warren Commission. The author uses the
tools of the physicist to draw some conclusions that escaped the notice of the Commission
and its expert FBI pholointerpretem. Among the subjects treated are (I) the timing of the
gun shots, (2) a theoretical and experimental investigation of the "backward snap" of the
President's head immediately after he was killed-yielding the surprising result that it was
consistent with a shot fired from the rear, (3) the speed at which the camera wns running,
and (4) a previously undetected deceleration of the President's automobile just before the
final shot . The emphasis throughout is not on the assassination but rather on the application
of elementary physics principles to the solution of practical problems .

EDITOR'S NOTE

We publish this article by Luis Alvarezfor its unique
pedagogicusefulness . It brings to bear ona matter tfpublic
concern powerful and simple physical argunrent.s that are
within thereach of introduclorl " physicsstudents . It shows
aphysicist at work eniplo-vingqualitativearglonents. es-
timates, measurements, andcalculations appropriate to
theproblemand to the accurate of data available .As always, we welcomereaders'responses to this article
and will select some for publication according to their
appropriatenessandthespace available. We areinterested
in conunent.s on procedures whichProfessorAlvarez uses
to reach his conclusionsandon thepedagogic uses to which
thearticlecan be put. We do notfeel that this Journal is
an appropriate Joruni for a discussion of alternative
theories of the assassination.

1 . INTRODUCTION

In the eleven years since the Warren Convnission pub-
lished its 26-volume report' on theassassination of Presi-
dent Kennedy, a controversy has continued over the validity
of the Commission's findings. IAucns of books and countless
articles have been written to show, for example, thin Lee
Harvey Oswald had nothingto do with the event, or that he
was part of a conspiracy with the CIA or other parties in
planiung the assassination . Sonic of the books, such as Mark
Lane's Rash t-tudgenlrnt . 7 were best sellers . In DecenAwr
1966 Esquire published an article' listing 35 different
theories that had been advanced by as many authors, each
suggesting a variation on the Warren ( onunissiun's official
scenario of the assassination . And since then, many more
theories have appeared .

In the light of such a long history of unsettled contro-
versy, the reader might well wonder why yet another author
would feel moved to write on the subject. The reasonsare
quite simple ; in the first place, I continue to read, and to
hear on radioand television that, "The laws of physics re-
quire that the President must have been shot from thefront,
whereas the Warren Commission places his assassin, Lee
Harvey Oswald, behind him."
Such statements involve the backward snapof Ihe Pres-

ident's head, immediately after the shot that killed him. I
will show, both theoreticallyand experimentally, that such
statements are simply incorrect; the laws of physics are
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more in accord with the conclusions of the Warren Com-
mission than they are with the theories of the critics.
My second reason for writing this report is to show how

an experienced physicistattacks a new problem . Textbooks
tend to indicate that problem solving in physics is a
straightforward matter;one proceeds step by step from the
input data to the final answer. But in real life, as I will show,
a physicist makes many mistakes, and backs up to correct
them, one by one . (To those who feel the personalized style
of this report is an uncorrectederror, I apologize; the earliest
version wasintended only fora few friends, wherethe liberal
use of personal pronouns wouldn't cause offense . When the
report was finally finished, the task of squeezing all the first
person singular pronouns out of the text seemed too for-
midable, so the author hopes the reader will accept his
apology.)

After a decade of exposure to thevarious theories of the
assassination, .) have at (castoneadvantage over the earlier
writers. I've watched each new writer in turn criticize the
earlier ones for speaking authoritatively in areas in which
they weren't experts . I will, therefore, speak with authority
only in areas in which a judgewould most probably accept
me as an "expert witness." For this reason, the reader will
be spared any thoughts of mine on conspiracies, medical
reports, the CIA, or ballistics. I haven't counted the number
of limes I have agreed with, (it disagreed with the Com-
mission's findings ; I've done both in several different in-
stances.
One of the aspects of physics that makes it appealingto

thoseof us who practice it as a profession is that calculations
and the results of cxpcrinienls can be repeated at will . So
all of the inlcrcslingohscrvaliuns I've inade on the 7Aiprudcr
assassination movie film can be repeated by anyone suffi-
ciently interested in such matters . (And all of them have
been duplicated al least once by others .) Most of the con-
clusions I reach will seem reasonable to physicists, but in
one case I will simply give my "bestguess," and not try to
do any more persuading .

This report will cover my analysis of several events ap-
pearing in the assassination film, some theoretical calcu-
lations relating to the "head shot," and some firing range
experiments that validated thetheoretical conclusions based
on the laws of physicsas I have taught them for the past 40
years. My observations, analyses andconclusions also relate
to the timing of the shots, thespeed at which thecamera was
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I it, I . Dcaley I'Gva, DAla,. T-,,, 22 N--,t- 1967 . 1'r-d-1 Kcn-
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thnmghovt its N-sgealong YIn, Sncel, omit it diaappalred under ;m
erp � . lihy,ieal -den

	

.,It b` proem! rurdace sh .tl, . a vpr.der
franoc. 177, 215, and 317.c

running-both matters of mate dispute, and to a sharp
(IcccIeralion of the President's car just before(lie president
s.as killed . To the best of my knowledge, this strange be-
havior on the part of the president's driver has gone unno-
ticed by everyone else : I suggc%l a reason for it .

In pointing out some conclusions that seem persuasive
it) Ine as a physicist. I do not wish to give the impression that
1 think that a physicist'swayof arrivingal "the trulli"is the
tics( way or the only way. It works well in the world of
physics ;old sn long;,, I confine toy all-lion to the physical
cidcnce in the Kennedy i%sassinalion, I Iecl Ilnt nty con-

elusions can be of help in elucidating what look place in
Ucalcy Plaza, Dallas, on 22 November 1963 (sec Fig. I ).

11 . 1IIE FI1.NI, 1IiE (YIMMISSION, AND TIIE
C'RITIC'S

A rmnarkable moving picture record of ['resident John
F. Kennedy's last living ntonrenls was taken by Abraham
Zaprudcr in Dallas on 22 Navcmbsr 1963 . The Zaprudcr
film -1s viewed several limes by the Warren Cotninission,
andextensive testimony was presented It, the Commission
by 1-111 pliotoanaly%ls who had inadedetailed studies of the
film, frameby Irainc . Nevertheless, s good many substan-
tive observations were otiz%erl by [lie pholoanalysts. and
sonic of the information they gave la the Coininission was
incorrccl .

Willi the publication of the 26-volume series containing
the evidence prevented m the Warren Conunis.sion,l to-
gether oillia transcript of Ilic hearings, a groupof"Warren
( onimission (litics" cants into being. These critics, or
assassination bulls as they are soniclinies called, have gone
over the voluminous "exhibits' with fine-toothed combs,
and have found many errors and contradictions . The its-
sassination buffs attribute must of theerrors to more than
the sloppiness or a rapid publishing elhorl : they feel that the
Warren Commission didn't do a thorough enough job in
investigating many (cads, and some of them take the post-
lion that the Conttnission actually ignored or suppressed
evidence that Oswald was part of a conspiracy.
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1 was quite unaware of the strong criticism of the Warren
Commision'% actions when I first drew sonic conclusions
front a study of theZaprudcr film . A simplified and not tat
convincing reptrl on my analysis of the liming of theshots
was presented in a four-hourCRS documentary television
program, "The W;o rcn Report," 25-29 June 1967, the text
of which is rcprtnluccd in Stephen Whiles book on that
doeytnenlary .° .II is difficult to explain a rather technical
matter to a lay audience, and in a short spaceof time . I hope
that the lifting of such limits in this report will permit me
to explain the methods I used and the conclusions I drew .

Ill . rlOW MANY SI :O'I'S WERE FIRED, AND
WIZEN?

	

'

Publication of the Warren Commission Report and its
supporting docuu-nation initialed an intense controversy
involving the tinting of the shots. Witnesses testified that
as lcw as two and its utility as six shots were fired .

The Conuni-on, noting among other bits of evidence,
the presence of three slxaa cartridgecaseson the sixth flour
of [lie Book Depository Building near the abandoned
Mannlicher (. :trcann rifle, concluded that three shots had
been fired by Oswald . Ihcy decided that one of the shots
missed the car : this missing shot could have been either the
first or second one fired, but the Commission favored the
hyPoltesis That the second shut was the unc that missed .The
Commission decided

that
of these twoearly shots, the first

one probably passed through the President's body before
wounding Ciovcnntr('unnelly of Texas, whowas riding on
a "jump oat" lull ahead of the President, and thethird one
struck and killed the President in frame 313. Governor
('unnally staled quilc positively (in the 25 November 1966
issue itl 7.i/el lhm he wasn't wounded by the First shot : his
testiatony wo, based on hisrecollection that he hctrda shut,
turned mound. and was later wounded. I lis story agrws
better with the shot tinting to be developed in this section,
which in turn is not in conflict with theCommission's"al-
kowed bill not favored" conclusions . My reasons for pre-
ferring physical evidence to the recollections of cvcn the best
witnesses arc highlighted by noting that the Governorwas
not even aware that he had received bullet wounds in his
wrist and in his (high until after he had been admiiled to the
hospital and operated upon .

Several ycarsaflcr I wrote the previous sentence . I read
a fascinating article in Scienrilir American by a man who
qualified as an expert on thereliability of"cycwilncss tcs-
tintony." Robert Buckhout wrotc5 :

"layewitncss Icslintony is unreliable . Research and
courlnwtn experience provide ample evidence that
an eyewitness to a crime is being asked to be sorne-
tlung and do sontclldng that e normal human being
was not created to be or do. Iluntan perception is
sloppy and uneven, albeit remarkably effective in
serving our need to create structure out of experi-
ence . In an investigation or in court. . . . IIhe prose-
cution and the defense), and usually the witness, too,
succumb to the fallacy that everything was recorded
andcan be played back Inter through questioning."

The above-mentioned issue of Life arrived on the day
before Thanksgiving, and becauseof it I got very little sleep
that long holiday weekend. It contained a set of rcproduc-



tions i11 cola, of selected Ir ;nnc .v fr~nn [lie 7aprudcr IIko .
illu,I a1,rig the conlro%crcl be iwecin Ilie ( mnill ision and
the Governor . With my o my years ~dexpericncc In ano-
lyving buhble chandler film, plus %mane ntoonhisliting ;ic-
Ilvitic, in plunogropldc dct-lwc work u, a bo,kpnnind . I
,on found myself coinpl,ldy -goosed in the /.iprudcr

Irarnc, My first observation, and their subsequent
planalion" turned out, as I showed later, to be quite incor-

et . But by tile lime I knew my first conclusions were
rung . 1 hard devoted so many hours to a study of the pie-

lurc, that I was subscquenllp able to secsome things that
I do believe have significance .
My attention

	

as down to Ili, carry ill, flag, al it,, left
front fender of tlic Preshlenls car. changed its shape Inon
frame to franc in Its1.i/r" photographs . I remembered that
ill Alntagordo, Fnrico Felon had almost instantly measured
tile explosive yield of the first atomic bomb by observing
how far small piece.% of p;ipcr which he "dribbled" from his
hand, were suddenly moved away from "ground rcro" by
tile slurck wave . ( fle had a prcconiputed table of number%
in Iris pocket . so he knew the explosive energy of the bomb
long bclore any of the oflicial me:aurcmenls had been an-
irlvzed .) I though( I detected a dclonnalion of the Presi-
dcnlial Flag under the innucnce of the shock wave generated
by s nearby bullet . Front ;in elGnenlary calculation in-
volving tile known properties of,hock waves from bullets,
and an assumption as to the surface density of the nag, it
seemed to tile reasonable to believe that the motions I dc-
tectcd were indeed due to the action of shoekwaves . I f such
e conclusion could be confirmed, (lie vexing questions
concerning tile timing of the shots might be solved . (My
knowledge of thestrength of shock wove, from bullets carne
Iroin en experience I had in World War II, with W. K. 11 .
Panofsky, who had built and was testing ;( . "firing error
indicator." l his device was lowed behind a plane, in a
"sleeve," at which gunners fired for practice . It contained
two microphones that recorded the shock waves from
passing bullets.)
The frames reproduced in tile showeda lolal of only 1 .3

sec of the critical moments in Dallas, so I had to wait until
the following Monday (o examine the sequence of 160
francs in the I,iw School library's copy of the Warren
Commission "cxhibils."^ When I saw tile full set of frames,
it was clear that tile nag wassimply napping in [lie breeze .
But the thought that effects of the individual bullets might
show in the film was still very much in my mind . As I
scanned the selected color photographs in l.ije and the full
set of black and white copies in file exhibit, . I noticed a
striking phenomenon in frame 227 (Pig . 2) . All of the in-
numerable poinilikc highlights on the irregular shiny .sur-
htcc of tile auluniobile were stretched out into parallel line
segments, along the "% o'clock -2 o'clock" direction . In tile

plancofthe automobile, the parallel streaks appeared to be
about 10 in . long .
To appreciate the significance of (lie streaks, one must

remember that cacti frame of moving picture film is not an
ins(untancous snapshot, but a tittle exposure that last% for
about one-thirnclh of a second . Fora point of light on the
car to be .sprcad out into a streak on the film, thcoptical axis
of the camera trust have an angular velocity relative to the
line joining thecamera and that pointof light . If must of tire
frames had shown streaking, one would simply have con-
cluded that Mr . Zapruder was a "sloppy tracker' who
couldn't follow the motion of the President's car as it moved
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rig 2 ,:,ponder b,,n, 227 (top) and 22x (bounm) Nnte marl the
lughhghi, on the car xidcl, ap,,ea, in frame 228as points . arcdrawn ooh
into ntrenk, (along the 8,'cluck-2 otlmk direction) in frarnc 227.

past hint, as he "p,olncd" hiscamera to keep the President
in his field of view . But tile highlights showed as sharppoints
of light in most of the frames .

If we "transform" to a rotating coordinatrsystem in
which thecarand tile camera axis areat. rest,we can better
understand thesignificance of the streaks . In this system,
a streak mans tl,n the camera axis has an angular velocity
relative to tile crsordlnaw axis, and this means that a torque
hasbeen applied to thecamera to produce thcangular ac-
ccleration that gave rise to that angular velocity . Such a
(urquc could be produced by ;t muscle spasm, or by a passing
shock wave front a bullcl . (I guessed that the frightening
crack of a bullet in Dcalcy Plaza would set Zapruders
neuromuscularsystem into a temporaryspasm. This phc-
nomcnom cans demonstrated in t he CIIS documentary series,
as we shall sec.) For it lung time, I thought that I had been
the first person to attribute significance to thestreaks I've
just mentioned. But apparently Harold Weisberg did it first
in his book Whir-ash.'
My interest in moving picturecamera jitter arose when

I was photographing animals in Africa in the summer of
1962 . 1 was bothered by my inability to suppress all visible
jitter in a long focal length movie camera used without a
tripod . and I started thinking of ways to build optical
compensators so that hand-held movieshotswould not ex-



hibiI thefilter that usually distinguislic .s ama tcur nnwic.s
from those made on tripodsby professionals. One night in
Nairobi, I invented a solution to the problem . The [tell and
Howell Company. which incidcnlally built Zaprudcrs
camera . was supporting my development of working models
of the moviecatncra stabilizer al the time the President was
shot . and my I VS . camera stabilizer palenls are owned by
Bell and I lowell . In thecourse of my work in moviecatncra
stabilization . I learned that the jillcr frequencyof a hand-
held optical device does not depend to first order upon the
weight or the moment of inertia of the device, in spite of
what a physicist's intuition would .suggest, but instead de-
pends mainly on the time constants of (lie ncurontuscular-
leedback system . Most people have s peak in their filter
powerspectrum at abml 3 cycles/sec . As weshall soon sec,
this frequency appeared in Zapruder'sjitter spectrum when
his neuromuscular system was set into oscillation-pre-
sumably by the sharp "crack"of the bullets .
Many people who have heard of my observation of

"streaks" in the Zapruder film have concluded that the
presence of such streaks is the imfxxtam plenonienon, and
that if sonocone iabubued the frames showing %freaking, he
would be repealing my observations . Fven though CBS
presented the data in this highly oversimplified manner, the
presence of the streaks simply indicates that the angular
veloci I v of theoptical axis of Mr . Za prudcrs catncra (about
a nearly vertical direction) did not match the angular ve.
locity of the President's car, as it drove down Final Street
(Fig . I) . Such a mismatch in the two angular velocities
would cause the imageof thecar on the %-nil film to move
relative to the edges of the "filmgate," during the roughly
30-nasec exposure, and this motion would give rise to the
streaking of the poinfike highlights . It is obvious that no
information of any importance can be attached to such
streaking, because no one can perform "hand tracking"
accurately enough to avoid all streaking.
My observations involved the measurements of the

streaking, but I didn't plot the meaningless streak length--
proportional to the mismatch in angular velocity, Am-but
instead, the angular acceleration, a, averaged over two
successive frames . Under normal conditions, when Aw is
large enough to give appreciable streaking, the angular
acceleration-given by thedifference in the lengths of the
streaks in two successive pictures-is too small to be mea-
sured, since the streak lengths in successive frames arc al-
most equal. The plot I made and showed to my friends at
CBS is reproduced in Fig. 3. The frame number runs ver-
lically, ason thefilm itself, and the angularacccleralion of
thetanocra axis is plotted horizontally . Sinceeach measure
of a involves thesubtraction of streak lengths, An n +l and
Ow n on twosuccessive frames, thevalue of nn+1i2 is plotted
at a "halfintegral frame number ." midway between the two
frames whose subtracted streak lengths are involved . In
order to find or,one needs to know the"sign"of each of the
own4ois to be %ublractc l . In other words, we must find out
for each streaked frame whether the camera axis was
moving toward the back or toward the front of the car. It
turns out that the sign of Aran can be found quite unam-
biguously, simply by observing where the camera was
pointing on the n - I and the n + I frames . When I was
assigning a plus or minus sign to each of the A.'s by this
technique, I found that the only place this technique didn't
work was for frames 314 and 315. A closer examination
showed that the numbering of these twoframes had simply
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Fig.3 . AnguhuaccclcrationnfMr .Aprudcricamcra,frassbyframc .
The frame nmnbers run verncally frr1701hrough 334 . The angular
mcleralion forthe n + ~hfr:unc is foliated as ebseissa, in arbitrary units.
Fach such acccler�non is determined by suboacong the length of the
sneak in thenth frame from that in the n + I frame, afteramigning an
algebraic sign in the streak length in each frame . (See text for deuols .)
Aceclcratinns pluucd to it,, left are"elmkwsc lookingdown."Shins are
. . ucialol (in themat) wu h pulse trains starting at about 182. 221, and
313 .

been interchanged in the "exhibits," and when they were,
properly labeled, the signs of all dm could be determined
without ambiguity . Although I later found that the inter .
change of These two francs waswell known to the assassi-
nation buffs, the manner in which I detected it convinced
me that my determination of the signs of the Aw's, and
therefore the signs and magnitudes of the a's were com-
pletely objective .

Figure 3 is a reproduction of my original graph of angular
acceleration versus frame number . Angular accelerations '
plotted to the left correspond to motions of thecamera axis
that are "clockwise looking down ." (The motion of the car
and of bullets from the Book Depository arc also clockwise
lookingdown, as seen by Mr . Zaprudcr.) Thus the torque
acting on the camera between frames 312 and 313 was
"negative," meaning that it could have been caused by a
direct interaction critic %lutck wave Trom the bullet that hit
the ['resident in franc 313, with the left hand side of Mr .
%aprudcr's camera . CI his is inofortant because the impact
of the bullet out ticwen in frame313. and there isn'tenough
time available for [lie relatively sluggish neuroinuscular
system to have produced tltc observed torque on thecamera
axis.)
When I saw Fig. 3 for the first time, I felt confident that

the (rains of pulses of angular accelerations were largely the
results of theexcitation of Zapruders neuromuscular sys-
Icm, by thesounds of bullets in Dealcy Plaza. I had no ex-
perimental data to show that acamera would undergosuch



violent angular acceleration, if held by a pie-m who w;e,
startled by the sound of gunfire . But such it lest was made
for C13S by ;t firm well known to phvsico,ts-Ldgerton,
Germcshausen, and Greer-glad filins of the test were
shown on the C13S program . While theaudience watched,
cameras held by two separate cameramen shook quite vi-
olcnlly in response to gunfire, a, Walter Cronkilc was
saying,8

".lust as a rough check on Illte AIvarell theory, we
decided to try it ourselves . using other c:uncraincn
Iltdding sintdor c;oneras, landing on a rifle range,
filining an automobile while a rillentan fired over
their heads .

"fltc,c two volunteers arc aiming their cameras at z
parked lunousinc . -1 heir insl ruction% 'I fold tile c;un-
cras ;u steady as possible . ;Ind keel, filming no ntal-
tcr wltal happens.' 'file shots will conic between
them and tile car . The c:uncr:unen are its far from
the firing platform it, 'Ar . Zapruder was front tile
sixth floor of the Book Ucpositury. [Sound of gunfire
in background .]

- file reaction w:1, obv'file filet [ ;,ken by these
coo-on-1 showed Ili, cllecl of tile shots. despite
instruction, to hold slcadv . liven in steadier h;Inds,
motion was al-y, nolicceblc . l his frame shows
highlight clots around the car's windshield . In rcac-
lion to a shot, the dots changed to crescents. And in
the following Irante they became slrcaks, compara-
ble to streaks found in suntc frantcs from Mr, Zapru-
der " s

In View of these IOh . I feel Ihzt few person, v,

	

Id now
dispute Iltc cause and cllccl rclnlion,llip between tile shot,
in Ocalcv Plaia and at lead

	

one of the trains of streaks in
Mr. Zaprudcr " sotherwise well-backed movies. If we accept
this relationship, we can use the locations of tile trains of
sl reaks it) shed useful light on the important question of the
dining of the shots. No conclusions of Ills Warren Report
have been sodisputed s, thoseconcerning the liming of Ilte
shots. and (lie d;unage done by cads bullet . Most observers
renmntbered that three shuts were fired, but the recollec-
tions embraced a range front two lo six . Three spent car-
tridge cases lay on tile floor by O-ald"s Mannlicher-
Careano rifle abandoned near thesixth noxtr window of the
Rook Depository,overlooking Iycalcy Plaza . According to
tile Warren Contntission Report, p. 110,

. . tile ncarly whole bill,[ dncoveral at Parkland
I I-pool ]Io which tile I'rc,ulcnl w , taken directly
lroto Ucalcy Plaza) ;tad the two larger Iragntenls
bond in tile I'rc,idcro .al aulonutbdc . wlodt wcrc
idenuficd : . coining from tile ;ssa,sination rifle,
cattle Ironn it[ lead two separate bullets and possibly
from three."

One of tile -boundary conditions' on [lie tuning of the
shots )assuming there were three -line from each ejected
cartridge) was the Flips finding that a skilled ntarksm:tn
could not space his shots more closely than 2.3 s or 42
frames of Mr . Zaprudcr's canters, with its ntcnsnred frame
rate of 18.3 per second . (I will discuss the frame rate later
in this article.)
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No problem %" as involved in deciding when the third and
fatal bullet was fired : the gory photograph labeled frame
313 settled that question [hdlg conclusively. The fatesof the
first and second bullets were debated at length by the
Commission, and tile following conclusion emerged: a
bullet, fired in a onc-second interval between frames 2116
and 225, wounded the Presidcntby passing throughhisncck,
and then wounded Governor Connally, whowas scaled just
ahead of the president . This so-called "single bullet theory"
as we have already Icarneo � was later challenged by Gov-
crnor and Mrs. Connallv .

Tile Commission decide, : I hat the otherbullet was never
recovered, and after giving ; - canons to suggest that it could
have been fired either before or after the shot that was
identified as wounding I lie two men, the Commission fa-
vored the suggestion that tile unrceovcrcd bullet was fired
after tile one that wounded them .

11' we now look et fig. 3 in tile light of this background
ntalerial, we sec that [lie obvious shot in frame 313 is ac-
contpanicd inunce,liatcly by an angularacccleration of the
c:onera, in tile proper sense of rotation to have been caused
directly by shock-wave pressure on the camera body . The
human nervous .syslent cannot transmit signals fast enough
for tile angularacceleration between frames 312 and 313
to have been caused by Mr . Zapruder's muscles reacting
to impulses front a brain that had been startled by the shot
that killed I he ]'resident . 'file expected neuromuscularre-
action occurs about one-quarter to one-third of a second
later, as shown by the large acccleralions near 318. (I'll
adopt five frantcs as Mr . Zaprudci+ experimentally dc-
lerntincd reaction lime, litr reasons to be discussed later .)
Another large acceleration peak occurs about two-thirds
of a second after this group, so we observe three out of a
possible four pulses spaced very nearly thecanonical one-
third of a second apart. For those readers who arc surprised
that the neuromuscular response time is so long,let me re-
call a connuon "parlor trick": A bets 8 that if A drops a -
vertically held dollar bill without any warning. B cannot
stop its fall by pinching his fingers together, if his fingers
are poised, ready to clamp together, at the bottom edge of
the bill . The fact Ihel the bill can almost never be stopped
(unless A gives :t precursorsignal with his fingers) indicates
that a nervous systent "on hair trigger' lakes more than
one-sixth of a second (3 .1 frames) to respond to an optical
stimulus .

If we look between frames 206 and 225, the one-second
interval in which the Contntiesion suggested the "wounding
shot- was fired, we xc the start or a one-second-longtrain
of pulses . paced very nearly one-third of a second apart.
We fUrIhCf tote that flu! initial pulse of file scrics,at 221 .5,
is not in the prolx,r dircclion to have been caused by It direct
interaction of [lie shock wave with the camera ; thecanters
turns toward, rather than away from tile shock wave . The
shock wave front a bollct fired front the Book Uclosilory
toward tile ctr in its position al tile tittle of frame 221 would
have been considerably weaker at Mr . Zaprudcis station
than [lie shock wave in frame 313, so the lack of a direct
physical interaction al tile time of this earlier shot is not
surprising. I therefore conclude that the accelerations at
220.5 and 221 .5 were caused by Mr. Zaprudcis neuro-
muscular response to an earlier stimulation. If we use M r .
Zapruder:s thereby observed oscillation period of about five
frames (which is close to the expected value), we placethe
"wounding shot- at about 215.5 . 1 find it most interesting



lhal allhnugh the delenninanon of 21SS :� the I,,ine
number of Ihis .ahot wa .% derived directly form flie apl,r,r-
ance of thestreaks, iI is exactly h;dfway between two limits,
only onesecond apart, set by the Warren Convnission from
very different data .

If we convert the Commission's language into (lie ver-
nacular of the physicist, their conclusou could be staled .
"The bullet that wounded the President and Governor
Connally occurred al frame 215 f 111 ." Although I would
not have. expected the conclusion, of two such different
studies toagrcosocloscly, it is true that my c,Iiniated frame
number for one of the two disputed short, agrees with the
Commission's best estimate 1o willun less than one-lenlh
of a second . The Conunu,ion based its finding, largely on
an exaloinalion of what (lie people in the car were doing:
President Kennedy "seemed lo be reacting (in frame 225)
to his neck wound by raising his hands to hii throat -9

1 will ignore the two small accelerations between frame%
245 and 280: each is caused by a single frame in which I
judged that highlights ought be ricared slightly more than
(he normal smearing caused by [lie imperfections of the
half-tone process . I will return later to the short sequence
of significant pulses farting et 290 since Illcy require an
explanation . Theyseemed to ire to have less intensity . and
to last a smelt chortcr time than Ific threescis of pulses I
identified as being triggered by bullet% . 1 eventually found
what I think is a reasonable explanation, not only for these
angular accelerations, but also for a I)ullljilg deceleration
of (lie president', cur at the saint lone-.- but that is gelling
a bit aliead of thestory .

l1acausc of the quicfnc� of fh, accclcralitnt graph be-
Iwacn the puke Tram,larling it 221 :intl 313 (except for
the pal- which I feel It .- Oicr c,l,Lination,), and be-
cause ~tf Ilic olbvnm, tr ;on,d pulsc�1 .o long at 182, I favor
.the view that the ( omms,on', "n,i�oig hot° initiated this
first train of mdse, . 61y best c,linraic �I thef into of this shot
is therefore 182 minus S (fur Mr . /apruder's calibrated
Ionic delay), or frams 177-
The Conuni�Lm nolcd tied atunn Unit time.llic Presi-

dent's car wan partially obscured from the sixth floor win-
(low, ais it passed under a large Ircc . In a very thorough
rcenactnlcul -ion in Dealcy Plant, photographs were
taken by the I - RI from the window near vhicIt the rifleand
three %peal cariridge cases were found. A limousine was
nerved along Hot Sheet, into positions corresponding to
known fr :une numbers, mid [lie Conuni,slon report repro-
duced sample groups of corresponding pictures: ( I) front
Mr- /apruder'% caincra, (2) from the FIJI -o-ra in the
sixth floor window showing the aq,pearanceof Ihe limousine
and a mesa silting in the President" seal, and (3) front an
I [it cuncra wish ;i field ul %'sew equal to that of Mr . /a-
pruder's movie camera, loea1cd a the Ix�iliun from which
he photographed the as%asenw1"u, . "I It, 1111 Iuelures eor-
-pondutf ", to truce, 166 and IS(, at, it the
('onminsion's rcporl, and both,how that Ile President was
cIcarly visible through (lie bronclie% of the intervening tree
in both views. It appears that the ['resident hit(] been
unob%cured before 186, during which mne the gunman
would have had a good opporl unit yto t rack hint, and much
[lie angular velocity and angular position of hi% gun with
that of the Prcsidcnl's body, l he fact that the President's
head nuglu have been partially obscured by branches for
unc-half a second . a l frame 177, would not, in myopinion,
have had anyappreciableeflccl on the gunman's tracking
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ability, or belong of uaifidcnec ilfal his aim was good .
Anyone wlfn liar overdriven a car in a heavy rain.slorm, with
a slow wind,liield wiper t%ill realve that ,, partial loss of
visual acuity for a 1,11-second would not seriously affect
a gunman's ability to pcrlornt good tricking, particularly
wit- nuns of the car was still clearly visible through the
holes in the trees . And if we remember that thedecision to
squccic the trigger roust have been made a few lenihs of a
second before the bul!cl was fire(], the effect of the ob-
scuring tree slundd haw been negligible on the actions of
the gunman, for a shin fired at frame 177.

I find it strange,

	

ailing the Icsionony of experts on
firearm-(which I ccrlt aady and not], that theyall looked al
the phologrulilis lake . through the trees and testified
whether or not a gunman could have fired at particular
franc numbers . They treated the subject as though it was
static-as though the gunman was presented with a sta-
tionary target behind a free. They looked at the still plio-
Iographs taken front the window in this .slalic way, and
decided that theginunan could have fired at certain frame
tuunbcr .% (when the I're%idcnl -s body showed through a
hotel, but not al oilier times, when it was eclipsed . 1 can
appreciate how Ihcy could have said such things under the
,Ircss of Ile inve,ogaliou, when asked locomment on a set
of still pictures, but I ain surprised that no one mentioned
what the real situation was like, with a large nwving object
containing a specific target fixed in its moving frame, that
had a very nearly conslanl angular velocity with respect to
the gunman . I don't believe e gunman would have been
deterred front firing art frame 177, and I consider it most
likely that the shoe fired at that time was the one the
Conmtie,ion concluded missed the car and wasunrecovered .
To rcfuro to the [ Ill', (an umed) minimum possible

firing inlcrval of 2.1 sec. we should compare this time with
my be%I caimale of ]lie time interval between what I iden-
Ioiled a% Iloo I irsl I aro,lutl, . Prom franc 177 1o frame 216
is 2.13 cc . 1-o make I lei, conform to the 2.3-see limit, it is
only necessary it) change theliining of the twoshots by one
and a half frames each ; if the first occurred at 175.5 and the
second al 217.5, I lie titre interval would be42/18.3 = 2.3

"c. Such a procedure of altering estimated numbers within
Ihcir known error, is a standard technique in my own
physicsspecialtyof bubble chamberevent analysis, We have
complicated computer programs that after measured angles
and measured moincnla of tracks (within the known errors)
to match (he constraints imposed by the laws of conserva-
tion of energy and n,omcntum. .Just as a bubble chamber
physicist uses a "filling routine" to make his events match
a known co-Itmnt, I have shown that I can fit [lie 2.3-see
lisle interval cotulroinl by twit small adjustments in esli-
maled franc iuuuber . Since thelwuchangesoff 1 .5 fraires
aresmallcompared to 11ie exlmpdmion of five frames each,
made lit arriec a ilie two unfilled estimates, and since no
one would really believe that such extrapolations were uaorc
accurate than 1 .51rancs, I believethat (lie filling procedure
is juslilicd . I lowcvcr. if the reader dislikes this fitting pro-
cedurc, lie can still accept my "unfiucd estimates," by
learning that the (13S tests turned up a "technician whohad
one hit and two nurses" (at a moving car, in a Ihrec-di-
mcnsional mockup of the Dcalcy Plaza) "in 4.1 sec."lo This
is remarkably like the apparent performance of the
marksman identified by the Cononus%ion as l.cc Harvey
Oswald and reduces the permissible line interval to 2.05
sec, which is within my unfitted estimate of 2.13 sec.



I .ctme now, .ut....m,c tire ontdusinn, of this scclion
lit ant an ;rlysi, of "st rc;tks" in the Zapruder film, I identife ci
Its precise timing of twoshots t Irit had been plnpitinted by
other means by the Warren ( umntuaion . '.so for it, I know,
there is no real controversy concerning the liming of ilresc
two shuts. I found evidence that convinced tire th :il e third
shot wars fired nl ,bout fr ;unc 177 . - IIli, firing time is al-
lowed by the findings of the Warren Cotntnission, even
though they favored the idea thus tire "third shot" was fired
between the two that they identified ; surely hitting
President Kennedy. And finally, tills firing sequence is
consistent with tire tnetoorics of Governor and Mrs. Con-
naliv

What limitations can be placed on these observations''
If. as many people have suggested and continue to
suggest-two shots hit the President almost simultaneously
Irom opposite directions, at frame 31 3 and very shortly
(hereafter, could I have detected this multiple firing? The
answer to that question is "no." To be detected by the
"streak method," two shots roust be spaced by about 2 sec
to be resolved as two separate shots. rather than a single shot
followed by o slower than normal recovery time for Mr .
Zaprudcr's ncuronurseular system But in tire next scclion .
I will he able to sited suns light on the question of the "shut
(rut Iltc front."

I was bothered for some time by the weaker set of pulses
lasting ;t shorter lime, That show in Fig. 3, from fr;unc, 290
through 298. They don't look like tie ones that seemed
clearlyassociated with bullets . lint obviously they required
an explanation. I'll give my best explanation for them in the
finalsect ion of (his report . bill I don't feel as certain about
that explanation as I do about the other three cases .

IV. N'lil' [)It) THE PRESIDEN°I"S HEAD
SNAP BACKWARD AFTER THE FATAL SHOTP

I to-1 apologize for the tone of [lie following section,
which may sound cold bladed ;in(]devoid of human feeling .
My long delay in publishing this analysis derives largely
from my feelings of inadequacy after many attempts to
soften its impact . But I am finallyconvinced that thecon-
clusions I reach in this section arc important, and I have
therefore done my best to make the text as free from emo-
tion,ol content as possible . John Kennedy was one of my
personal herocs,and I had the pleasurcof talking with him
on two occasions. I lis death touched me da"ply, and I hope
the reader will bear that in mind its he studies this see-
iton .

Roil I hch, wIt,) was then a graduaic,IUdent art licrkcley,
tried to interest tile it one of the hottest and longest sur-

viving controversies arising from a study of (lie Zaprudcr
film . (11 wan Iltc sublccl of eevcral rar'boand Iclcvi,iun shows
in April 1975, and Ic,limony concerning if was taken during
I he Congrecsiuna I I Ica ri ngs on the CIA, in .I unc 1975 .) This
controversy involves tire unexpected behavior ofthe Presi-
dent's head immediately after if received the final and
mortal shot . Everyone who studied the behavior of the
people in the Zaprudcr film agreed that immediately after
this shot, the President's head and body moved suddenly
backward . The sixth floor window of Iitc Texas . Book Dc-
lnwsilory Building was behind flu car, and flu Warren
Commission concluded that I ce I lervev Oswald shot flu
President from that window. Why then did tire I'rcsidenl's
head recoil toward, rather than away front tile gun as the
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laws of physics would xem to deinand'! Theassassination
buffs argued ;it length alwtw this action. I shall mention only
Ihrcc person-,it of ;, goat nuiny whoconcluded in writing
that the President was shot frutn.the front . In Iii,, Hu .ah to
lurllcrnrnt, 2 Mark I . ;t ne said . "So long as the Commission
Ineintained the bullet c;une ;thnosl directly from the rear,
it implied Ih,il (lie low, of physics vacated in this instance,
for the Prcsidcio did not fall lor-rd ." losiah Thompson,
Professor of I'hilo,oplty at I laverford College, wrote a book
that devoted a good de ;a of space to this problem." lie
concluded that inuned mdy after the President was
wounded in tire lied iron ; hchind, ;mother bullet fired from
in front of Its car hit It, lead and drove it back, by mo-
mcntutn conservation, (w :ard the rc ;tr of the car . District
Allorncv James Garri,on of New Orleans made similar
clainx in the highly publicized trialof Clay Shaw, in 1969 .
The thrust of all Ilex arguments is that if the Presidentwas
shot from two directions, alinost simultaneously, there must
have been ;t conspiracy, in contradiction to the Warren
Colninission'.s basic conclusion that Oswald acted as an
independent agcni.

Paul I loch often pressed tire fur an explanation of the odd
behavior of tile I'rcvdanl's head, and although I hadn't
ub,crvcd it myself, I usually suggested that the head had
probably Ix:en lie[(] creel by musclescontrolled by tire brain,
and that when the controls were suddenly damaged, the
head fell back . I was finallyconvinced that lhisexplanation
was incorrect after Paul (loch handed me a copy of
Thontp,on's book as I was toying Berkeley for the Fcbru-
:try 1969 meeting of the American Physical Society in St .
Louis . On tire plane I lord little to study the book carefully.
It is beautifully printed. with excellent photographs and
carefully prepared graphs . When I studied the graph
showing the changing position of tire President's head Icl-
alive to the moving car's coordinate system, I was finally
convinced that theassassination buffswere right : there had
to be :t real explanationof the fact that the Presidents head
did not JLll back, but was driven back by some real
force .
And the answer turned out (o be simpler than I hadcx-

pecled . I solved [lie problem (to my own satisfaction, and
in e one-dinsnsionall fashion) on the back of an envelope,
;is I sat in solilarv splendor in the beautifulsuite that the St .
Louis hotel ntntlgement supplied me in my capacity as
president of (he APS .

I concluded that tie retrograde motion of the President's
head, in response to the rills bullet shot, is consistent with
the law of conservation of momentum, ifone pays attention
to the law of conservation of energy as well, and includes
the ntonicnlum of all the material in tire problem. The
simplest way In sec where I (filter from most of iltc critics
is it) note that they Ircul the problem n.s though it involved
only two interacting masses : tie bullet and tile head . My
analysis involves three interacting masses, the bullet, the
jet of brain twitter observable in frame 313, and the re-
maining part of lltc head . It will turn out that the jcl can
carryforward more tmnnennun (ham was brought in by the
bullet, and the head recoils backward, as a rocket recoils
when its jet fuel is ejected . (Cal . William H. Hanson came
to the same conclusion, independently.")

[fit block of wad is suspended by strings from the ceil-
ing, it is called a ballistic pendulum, and physicists or
gunsmiths can calculate the velocity ora bullet shot intuit
to be



rx=rwMo/A9n.

	

(I)

wltere

	

the velocity of ill, wo,ulen block ufle, it slops
III, bullet . and Mir amt Mu arc I he masses of the WI ,olem
block and bullet . Equation (I) lollows directly Irons the law
of conservation of room Muni :

cumr,=101 �- .

	

(2)
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In using a ballistic pandulwn . we normally forget that
the collision of bullet and -,oleo block is very inelastic.Of
tile incoming kinetic energy of the bullet, only a c01 :111
fractionfappears its kinetic energy of the moving wooden
block ; tile remaining fraction (I -j) goes into heating the
wood . If Mit << b1 w,

KLm=/(Kb-,r) .
AIit Vw 2/2 =fX A1�l j,'/2 .

From (3) and (2),

f=Alx/Al ,r.

	

(4)

For the case of a 10-g bullet, and e block weighing 10 kg,
itcanbeseenlhal999rs,oftheiit inningkineticcncrgygoes
into healing tile block . andonly 0.M. alopears a% mechanical
energy . 13allis(ic pendulums aredesigned w That Iltcyeon-
lain the incla,lically dissipated cncrgy . Unlorlunalcly,the
human head i% not able to contain the major fraction of the
energy carried in by the bullet . This tragic aspect of tile
i-assination is clearly visible in frame 313 of ille Zapruder
film, and is discussed in dclail in the reports of theautopsy
surgeons .
The mechanisms of the relrogradc recoil turns out to be

rather simple, fore rcinclnbers that 99174-fIlie incoming
energy must be accounted for, 'file niolnemunt associated
with a given amount of kinclic ancrgf varies es the square
root of tile mass of the object carrying that kinetic ener-

gy
P = (2A1K) 1 1 2 ,

	

(S)

wherein is the momentum, and K is the kinetic energy oftlic
object with a mass A7 .

Figure 4 shows what happened when my friends and I
fired bulletsat melons that had been wrapped with Scotch
glass filament tape . t0 mock up Ills tensile strength of ilic
cranium. Under the influence of tile bullet, some of (lie
material making up the melon break.% through the rcin-

forcclnenl, and carries momentum, in [lie forward direction .
(Frame 313 of (lie Zaprudcr film shows this same plic-
nonlcnon .) As we shall now sec, the momentum carried
forward in This w"av cam be much larger than the ntornenium
brought in by the bullet . I It, example, if Ilie bullet weighed
0.1%ofthe melon weight . amt if I(YKof Ile incoming kinetic
energy was used to propel I(Yi6 or tile mass of the melon
forward, then the momentum of the jet expelled forward
would be (10) 1 /1 times that of the incoming bullet . (i will
use subscripts, b for bullet,j for forward ntovingjet, and
mfor melon.)

Pi = (2MiK,) 1/t = (2 X I(10A4r. X0.1 Ke) 1 /:

=(10)1/1 (2,1,1x4) 1 /1=(IO) 11Z pn . (ft)

since M; = 0.I M�, = I 00A1,, . K; = 0.1 K,. . The melon would
then recoil backward with abod twice thevelocity it would
have been expected to go forward, assuming it were made
of wood . This is because the melon, acting at first is a bal-
listic pendulum, acquires a forward velocity equal to un,l In ,
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14

15
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Tilt . J. Idctrurocod in a cq><-rcinlur~d ntclon hit by alugh-velocity 6,11,1 .
the ImIIc1 c. c fr,un a rill,, df III: ogle-hand side of the frames . 1'I¢
forward jet (to tile Icfi) pntpclled themelon"backward.." (See Icxl .)

= I�.1A1('file notation nn~~lu " means the velocity one
would expect the melon to have if it contained all llle kinclic
energy of the bulk(, as z ballistic pendulum does.) But in

tile center of mass syslein of tile melon, which is moving
"forward" will, the espcclcd velocity,ajcl movesforward
will, nxnnenrun equal lo ( 10) 1 /1Px-its we havejust seen.

It gives tile melon an equal and opposite momentum, in the
moving (CM) sys(ene in that system, P�, = -(10)1OPn .
If we neglect tile um loss of mass by lie melon to tile jet,

the recoil velocity of the ntclon (in the CM system) is



-( 10)'/2 times the "expected value." Since velocities add
vccorally, [lie final velocity )fill, niclon (in the labonloiv
system) is I I - ( 1())1/21 Since the square root of 10
is close to 3.16, tie observed velocity of I lie melon is about
-2t - �,1 in" .

If one wants to know snore about the details of the
transfer mechanism of kinetic energy from the bullet to
kinetic energy of the fragments llama forward, he will have
to ask someone more knowledgeable in the theory of fluid
mechanicsthan I am . My intuitive feeling is Ihal the conical
shape of the interaction zone is the key to the nouncgligible
elfcency of energy transfer . (It is clear that an appreciable
mechanical energy transfer is only Possible if the incoming
energy can avoid "being therntalized .") Theconical region
is defined by the small entrance hole and the much I :rger
exit hole in the melon. Transmission lineswith tapered in-
ternal conductors are efficient Irunsformers of electrical
clergy, and a tapered bullwhipeansmoothly Iransfortn the
energy given toa large truss, by the flick of the wrist, into
roughly the same cncrgy of a nmch smaller inassat the tip
of the whip. The "crack" of the whip occurs when the lip
of the whip goes supersonic. I believe illm in a somewhat
analogous manner . but of course in theopposite direction,
the kinetic cncrgy of the bullet is given in :t "layered region"
to a progressively larger mass in the nclon. to achieve the
modestly efficient energy transfer that is demonstrated in
our experiments .
Now that I've given the theory of [lie "jet recoil inech;r

usn," I'll describe the experiments that gave rise to fig .
4 . When I showed ny simple calculations to Paul I loch, he
aid lhal no one would believe my conclusions (including
himself ) unless we could demonstrate the retrograde recoil
on a ripe range. using a reasonable lacain1ile of a human
Itc ;ul as a target . I discussed inv theory with my longtime
head and associate al the Laboratory, Sharon "Buck"
Rockingham. [duck is an emlmsiastic deer hunter, and he
offered hisservices if I would buy the melons into which lie
would fire the shots .

Ruck did his first experiments in time 1969 et the San
Lcandro Municipal firing range. Before he started shutting,
all the expert marksmen in attendance told him [hill he was
-acing his time one said, "I've been around guns all my

life, and you must bcout of your mind to believe something
you hit with a bullet will come back toward you." Most of
the targets were nclons that [luck had reinforced by
wrapping with IScotch "flanenl tape," as mentioned
earlier .

the results nit [lie first tcsi shootings were encouraging
in that most of the reinlirced melons were driven by their
shots toward the gun as I expected . rather than away from
the plot "as the laws of I,hpsi cs require."

Paul I loch cxlxc-d an inercs1 in the resultsof (his test,
but said that he wouldn't ask his Icllow bulls to believe them
unless he had photographic evidence to document the case .
Paul enlisted the help of Don Ol .son, another physics
graduate student and 1- :-inalion bull', It,, had a re-
motely controlled Super 8 movie camera, and I was presentits an observer . We were all impressed to find that Buck's
curly results could be duplicated before the camera . The
performances were now more uniform, with six out of seven
reinforced melons clearly recoiling in a retrograde manner
toward the gun. (According to Paul Finch, the other one
"just rolled around it bit .°)

Figure 4 is an enlargement of a section of the film
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showing shot number 4. The frame rate is 24 per second .
The gun, a 3(1 .06 rifle, is about 30 m out of sight on the
right-hand side of the photographs . Its 150 grain hand-
loadcd .soft-nnaccl' bullet Ill the niclon with a velocity of
about ](d8) II/see ; the 6.5 Mannlicher-Carcano rule found
near file sixth Iltwr window of file Book Depository building
fired a 160-grain bullet at about 2165 ft/sec. (I am told that
at a distance of.265 fl, the measured slant range from the
Book Dcptxitory window to the President in franc313, the
bullet would have slowc( down to about 1800 fi/sec .)
To relate these experiments to the melancholy affair in

Dallas, we can use Illompson'sll carefully measured ve-
locity of the backward it, 6onof the President's head . tic
finds that it was aboul'I .6 ft/sec, averaged over eight
frames . In fig. 4, [lie measured retrograde velocity of the
niclon is 4.5 fl/sec . II is obvious that if the niclon had been
hit by a slower bullet, and had been connected to a large
mass. sinmlating a torso, rather than being free of restraint,
it would also have moved back more slowly. But in spiteof
what appears to me to be a good semiquamitativc match in
velocities, we must remember that the important question
at issue here is not the magnitude of the velocity, but its
directimd

I believe that ourexperimental demonstration of rciro-
gradc recoil in head-likeobjects will convince must people
that the laws of physics do not require a second assassin to
have been firing at the President from the "grassy knoll,"
ahead of the car . It is important to stress the fact that a
taped melon was our o priori best mockup ofa head, and
it showed retrograde recoil in the first lest . If we had used
to "Ifdison technique" and shot al a large collection of
objects, and finally found onewhichgave retrograde recoil,
then our firing cxpcrimcnls could reasonably be criticized.
]lot its the tests were actually conducted, 1 believe they show
it is most probable that file shot in frame 313 came from
behind the car ; after all, the jets visible in frame 313 were
what suggested this mechanism to me .
Many of [lie assassination buffs wrote to Floch to say that

neither my "back of [lie envelope"numbers nor the exper-
imental results agree(] wish Professor Thompson's measured
head velocities . So, in case any readers of this article may
be similarly bothered, I should point out that the three
numbers I used in my analysis (two mass ratios and an ef-
ficiency) were each assumed to have tie value of 10', where

is a positive or negative integer . In spite of this highly
quartized nature of (lie input data, thecalculated and ob-
served velocities (fitter by only a factor of 3. The assassi-
nation buffs wilt)argued with Paul Floch in a quantitative
way (neglecting the important sign of the velocity) usually
suggested that I was assuming that themass of thejet (fly%,)
was loo high . Rut they nus.ced [lie fact that, if either this
assumed mass ratio) or the assumed efficiency of energy
transfer were reduted by a combined factor of almost 10,
the calculated and observed velocities would be equal. In
addition, frame 313 shows that the event wasn't one di-
mensional, as the model was: the two jets visible in frame
313 have vertical components that would lower the longi-
tudinal component of nontcnturn,bringing the theory closer
to the actual event. I don't want to be that quantitative ; the
theory wasn't designed to calculate the velocities to high
accuracics-but to show qualitatively that the head could
jerk backwards.

I will end this section by saying what I think can be
concluded from our experiments . It is possible to disprove



a theory, but never to prove one; no matter how ollcn a
theory has given correct predictions in the past, a single
(repeatable) counterexample invalidates that particular
theory. (Newton's theory of gravilalion was disproved in
this inanncr.) For these reasons, I believe that those ;rgu-
mcnts for a second assassin that derive from ]'resident
Kennedy's head movements after frame 313 are now clearly
invalid ; a documented counterexample is now available to
disprove the assertions of many writers concerning the
consequences of Newton's laws of motion . I am convinced
that everything that is known about the inotion of the
President's body in that short lime interval is consistent with
a shot from above and behind, where the sixth floorwindow
of [lie Rook Depository building was situated . But by the
argument given earlier in this paragraph. I obviouslycan'(
prove that the bullet cane hoop that window .
Dr . Iohn K. Lanimer recently published an ariiclc1^

entitled "Observations Based on a Review of [lie Autopsy
Photographs, X-rays and Related Materials of [lie Late
['resident John F. Kennedy." Dr . La(timer was apparently
(he firs( physician without governmental crcdenlials to be
given access to this material . which had been restricted for
more than eight years. ;it the request of the President's
fainily . Dr. Lammer sarticle, published several yearszffer
the shouting experiments described above, says

"These obscnalions, made possible by actually
seeing the autopsy photographs and the clothing,
land added to the previous laboratory and autopsy
findings) have answered sonic of the questions that
were in the mind of the Mill)- and have revealed no
incompatibilities with the concept that two high-
speed bullet., hit the President, both fired downward
and from the rear, ;is front thesixth floorof [lie Book
Depository Building ; here were no signs of bul-
lets or bullet wounds or bullet fragment track .,
through the President's body running in any ,[her
location or direction. .sueh as transversely, or from
the front, to indicate bullet "hits' from any of these
directions upon the President's head, body or
limbs."

Several critics of the Warren report had predicted that
when a "noncslabhshmcnl - expert on bullet wounds, such
as Dr. Lattimer (wills his "questions") was finally permitted
to sec the autopsy film ., . flu "head shot from the front"
would be confirmed. But Dr . I-altimer has ruled it out quite
unequivocally.

Although Dr . I .allimer is now classified as a urologist,
his biographical sketch" shows that he is an expert in the
relevant fields :

-- In World War It . I)r . I alihncr was a military
surgeon in the European -Ilualer of Opernlions and
Imd experience with nulil;iry ntisslc wounds of all
types, almost always using X-rays for their locali/a-
[ion . tic served as a Firearms range officer and also
did experimental work on (lie wounding capabilities
of various missiles on hunian tissues."

V. [IOW FAST WAS THE (AMERA RUNNING?

Everyone who has walcled folball on TV knows that
it is easy to distinguish aslow motion "instant replay" from
the real thing, even when the play-back rate is not much
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slower than the normal rate . Theclues conic largely from
our mcmorived knowledge of the oscillation frequency of
the legs of runners moving at their fastest possible rates, and
from ourincinory of [lie way objects fall in a "one g" gra-
vitational cnvironmcnl .
But Mr . /aprudeCs camera showed an automobile in

which the occupants were for the most part silting still,
-together wi(r, images of two motorcycle policemen whosat
immobile od their seals all the while. The background
comprised fixed %[rut lures, plus a few spectators who ap-
peared to be standing [ill as the camera panned past them
a it followed the I'n .idcnt's car . So the clues we sec in

"instant replay Iooubi !" on TV seem to be denied us in the
Zaprudcr film .

If one accepted the I fit's subsequently measured frame
rate of 18 .3 per second for Mr. Zapruder's camera, [lie car
was moving at a speed of approximately 12 mph. But an
FBI report stated (hat, "The camera wasset to take normal
speed movie film or 24 frames/sec ." Had the camera ac-
tually been operating :it that rate, it would have been cx-
ccc(lingly difficult if not impossible-todevise a sequence
of Mannlicher Carcano rifle shots that would have been
within human capability, and therefore the multiple gun-
men theories --so popular with many of the Warren Com-
mission critics- could not have been ignored . (The higher
the franc rate, the shorter is the time be(wecn any pair of
numbered frames .) The Bell and Howell camera used by
Mr. Zaprudcr had a "normal" button position, and a "slow
motion" position . and 1 be ievc the intent of the FBI report
was simply to answer the queclion, "Did Mr. Zaprudcr use
normal or slow motion speed in taking his pictures'!" Since
(lie normal spcal of 16- or 35-Inm oninel moving pictures
is well known to be 24 frames/sec, I believe that the FBI
was in turn saying, in effect, "I Ic used normal specA." (I am
now using my legally acceptable status as a "camera expcrl"
to give an opinion outside the field of physics; I was for
several years a salaried consultant to the Photopnducts
Division of the Bell and Ilowcll Company.) Actually the
"slow motion frame rate" on the Zaprudcr camera was
closer to 48 fr;oncs/sec .

I tried forsonic time to fnd a way loconvince myself that
[lie Irate rate tuns 18.3 persccond, and not the much higher
"slow motion rate ." [Jut as I looked at the pictures againand
again, I couldn't find a clue that could distinguish pictures
of a car moving at 10 mph, together with some people who
moved slowly, from pictures of a car moving al about 30
mph, with the sans people still moving slowly, but not quite
so slowly . 1 was about to give this problem up as hopeless
when I noticed the action of a manstanding beyond the car,
as seen by the camera . I-Ie was clapping as the President
drove by- a gcc(urc that was common in the Kennedy era .
An elcmenlary analysis of file muscle power involved in

clapping shows that the power required, fora given maxi-
mum hand slmcing, varies as the cube of the clapping fre-
quency . The average velocity of the hands varies directly
with the frequency, so theenergy expended per cycle varies
as the square of (lie frequency. Power is the time rate of
expenditure of energy, so it involves an additional factor
proportional to the frequency . It turnsout that wccan use
the spectators apparent clapping frequency, together with
his observed and very natural maximum hand separation
of abo( 1 ft, in the same way we usea running back's leg
rate, to decide if we arc watching live action, or slow notion
"instant replay ."



Tin, spectator iippcurs to nx)%c smoothly across t lie film
froinIlierighl-hnill] edge .andabout I (assumed )seelaI,i
(I8 frames) (hsappcar.e (alt of view beyond the left-hand
edge . Ilis apparent nx)tion is of course due to Mr . Zapru-
der's panningaction to follow tine car . The clapping i-ho)n,
in I r;Une, 278 II) rough 296 (I ig . S), and even Lining I, 11,c
man's image is blurred because of l llc p,luning . it is evident
I hit l he has execuIed between 3'h and 4 lull clipping cycle .
I will ;asume that Ili% apparent clapping frequency is 3.7
cycle.%/sec . and will ask how much greater II)is could be--
Line loo higher Iren)c rate- -and still be within reasonable
hinn :tn limits . The key to this particular analysis is the ex-
istence of the aforcinernioned cube kiw relating clapping
frequency nn(] mascle power. If n person doubles his clap-
ping frequency, at conslunl :unplllude. lie mast expend eight
limes as much power, The "deepness" of the cube law" is
what gives one the ;tbility In distinguish Iill,, speeds by nb-
servetions of clapping behavior, but only if norm ;d clapping
behavior is not Ion far from [lie "power barrier."
To answer this question, I clapped in synchronism with

a metronome set at the assumed rate of 220 bcals/min. I
found I could chip quite eomforl,tbly al this rate of 3.7 per
second . but I couldn't do .soat twice the rate, with the same
on)plilude: to make 7.4 cycles/sec, which was an obviously
unnaturally high rate, I had to reduce my amplitudecon-
siderably . I could just make it ;it 1 .5 times 3.7 cycles/sec,
but the effort felt quite unnatural. I am confident that
anyone whorepeals these experiments, as I I)avcjusl done
after a hiatus of several years . will be convinced that Mr .
Zapruder's camera was running at very nearly 18 frame,/
sec . (It was certainly net running ill 48 fr ;one,/sec, and I
believe that 24 fr;,n)es/sec Carl be ruled nil, as well .) Al-
though Ill- is apl,renlly na longer ;, scriouscontrovcrsy
relative to (rime rates, I wanted to shire with my physicist
reader, file pleasure 1 had in diecuvcring ;t "cube law clock"
in the film .

1'I . RI11' DID 'IIIE l'RESIDF:NI'S CAR SLOW
DOWN ABRUPTLY JUST BEFORE 7711? FATAL
SI I01 ?

The Commission was added in its ntlerprciltion of the
titan% by an I-Ill pluao:malysl, Mr . I tridal I . . Shancyfcll .
My first disagreement will) his teslnnony dunes on p . 155
of Vol. V, where he wits rmn)ing tile Zaprudcr film for Allen
W. Dullcs and John I . M,Cloy. nu, be,of the Conunis-
%i(n) . After the expert had made n comment relative to
frame 222, the following conversation took place:

Air . Dull(, icrky motion in Connally in tile film .

111, . .Shruu" r/t"In.'flere is

	

it may be merely where he
stopped turning and started turning this way. It is
hard to analym .

Air . Oull(- What I wanted to gel ot

	

whether it was
Connally who made U)c jerky motion or there wits
something in the film that wits jerky . You can't tell .

Air . Shene3Jell : You can't tell that .

Since I ig . 3

	

s(nne "jerky nunion" inu)tcdialely
after frame 222, if is ;) reasonable assun)ption (hat this is
what had caught Mr. Dullcs sattention. It was toobad that
Mr. Dullcs answered hisown question concerning the pos-
sibility of distinguishing between the notion of a man in the

438

FRAME
NUMBER

280

285

290

295

300

SEPARATION
OF HANDS

3 1

2
Cycles

I second
(18.3 frames)

rig.5

	

Ilenddapp,ng :,iP/,c)do+/sccby it Noatorallowefilm spccd
ut be dctvrnuncd, walan hopmrtam limits. (Sec text .)

car . ;tad a ,nuven)ent of the film (camera) as a whole . Mr .Duties was an experience(] intelligence agent, and his
practiced eye caught an important clue, but he loo quickly
dismissed it its undecipherable, which, of course . we now
know it wasn't . 'I lie expert pheloanalyst put the lid on the
matter by Ili% polite cndnrsen)ent of Mr . Dulles:s error.
My sec(nuldisagreement with this .same Fill pholoana-

ly%t cane wbert he testified concerning his inability In pin-
point the Presidanl'.s cir, al frame 313, by examining the
Zaprudcr film . I Ie had this to say"':

"Yes, I might slate first that all of theother (reen-
acin)ent) photographs were reestablished on the
basis of tile Zaprudcr film, using reference points in
the b;tckgn)und oft lie pictures .
"As is apparent here fr(nn the photograph of the

Zaprudcr franc 313, there are no reference Points .
There is just ;t grassy plot . So there is no reference
point on which we can reestablish the position of the
car in the roadway .

"
- I-or this reason it was necessary to use the Nix

film of [lie head shut and the Muchmore film of the
Dead shot to establish this position in the road ."
These films were shot from amateur moviecameras
located on theopposite side of the street; one of them
showed v)tnc identifiable background close to Mr .
Zoprudcr's position, including Mr . Zaprudcr him-
self, inslcad of (lie plain grass that showed at that
time in lite Zaprudcr film .)

Mr . Shancyfclt pinpointed the location of the car in 13
(or perhapsmore) fran)es from 161 to 255, in which inter-
val, therewere areldleciural background features that were
easily identifiable in tile Zaprudcr frames . And as hexaid,
the position of [lie car in frame 313 wasdetermined from
the two other films . These data were used in the FBI reen-
actment studies in Dcalcy Plaza. An open automobile,
similar to the one in which the President rode, was moved
in turn to the 14 (or more) positions as determined in the



film ., . At call, position, it

	

hludographcd (I) by a dill

camera with (lie sane angular field as Mr . Zopruder',
oloric camera, trout his original location, and 12) from the
sixth loor window, ofthe Book Repository building, Ihrough
the rifle scopcof ilic rifle found al lha1 1- lion immediately
after Ilre assessmaIIon . For each ofthe%c 14 selected frames,
Ilie Fxhibits", show photographs (I) and (2). togclher with
theoriginal Zapruder frames, in the cn,c of frarnc 313, Ilrc
corresponding frames from the Nix and Muchmore fill,, .,
arc shown, together with still shuts of the stationary car
from tire Nix and Muchrmnc locations.

In addition to the several pictures corresponding to each
of the 14 locations, the exhibits also tabulate various Inca-
surements made at the 14 locations . These include the
distance of the car from e benchmark on F.Im Street
("station C"), thedistance between the rear scat of the car
and the sixth floor window of the (look Depository building,
and the angle of dcprclion of the riflesight in that window.
The distances are given to thenearest tenth of a fool ; they
arc probably accurate to somewhat better than I ft .
As any physicist would do . I plotted the tabulated dis-

lance of thecar (from "station C")against frarnc number
for dice, 14 selected frames . Tltisgraph is shown in Fig. 6,
and all the points except that for frame313 lieon a line with
a slope equal to I 1,9 mph. It is clear Irom thedispersion of
the (Zaprudcr) points from a straight line that the final
point (determined from the Nix and Muchmore films) does
not lieon the extrapolated line . Twoexplanations arc pos-
sible ; the position of the car ill franc 313 was incorrectly
determined, or the car slowed down somewhere between
frames 255 and 313. Neither of these possibilities scerncd
reasonable to me when I first saw Fig. 6, so I set myself the
task of finding out which explanation wascorrect . (I did this
work, and theanalysis of theclapping, during the Christmas
vacation following the publication of the November 26,
1966 issue of life .)
The first relevant observation I made was that contrary

to what Mr . Shaneyfelf said in histestimony, it wasa trivial
exercise (o determine precisely where the car was al rash
of file 79 frames from where his "Zaprudcrdata"slopped
(al frame 255) to the final published frame, number 344.
What he apparently failed to realize was that theapproxi-
mately ten persons who were standing on the featureless
background were "reference points" exactly as useful as if
they were set in concrete. Their usefulness comes from two
independent considerations . There is a linear relationship
between any horizontal interval on the original film loran
the half-(one reproductions in the Exhibits) and the corre-
spo oding angular interval sulncnded at Mr . Zaprudcr s
camera . In other wards, every lime the camera panned
through ;nn angle fl,a fixed object in the fieldof view moved
In the left in the picture, a distance of ell. 11,c value of file
constant k (the focal length of the camera lens) could be
determined with the aid of an accurate plan of Dcalcy
plaza, showing Mr . Zuprudcrs station . (The camera had
a zoom lens of variable focal length, which I found hadbeen
used at very nearly its longest value.) From such a plan, one
can measure tire angles subtended by many architectural
features, visible in the frames. Thoseangles, whichcan be
measured with a high degree of precision, can be divided
by the accurately mcasurcablecorrespondingintervals on
the film (or on the halftone reproduction) to give the cor-
responding valueof k -r . From then on,we can immediately
tell through what angle the camera is being panned, frame
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by frame, by simply measuring the displacement of any
stationary objet( in the field of view. That stationary object
cam be a concrete pole, or equally usefully, a person's font
that is temporarily bearing his weight, and is therefore fixed
to the ground .

Since I didn't have an accurate enough plan of Dcalcy
Plaza, 1 couldn't cvelume k with an absolute uncertainty
as small as the relative uncertainly with which measure-
ments could be made on the halftone reproductions. (The
Fill could have done (flat with the the,dolite they used in
the rcenaclmcnt session.) But that minor lack of absolulc
precision will have no effect on the very accurate mea-
surementsof therelative speed of thecar before and after
the strange and previously unseen deceleration I am about
to describe . But before describing that event, I should
mention that in one sequence, when no speclaton arc in the
background, another interesting reference mark is available
on the plain grass behind the car, in francs 313-334, the
last ones reproduced in the exhibits. This mark is a white
streak, whose position can be seen to move progressively
across the film gate . i n that sequence of 22 frames . It is clear
[hat the while streak is really the image or a small shiny
object (hat is rcnec(ingsunlight into thecamera lens. In this
sense, it corresponds directly to one of thehighlights on the
car; it is ".vtrcakcd" in every framebecause the camera axis
is moving relative to it in all francs .

Figure 7 shows tire angular position of the car as a
function of franc nundtcr . Ironn frame 26(I In the end of the
sequence -a 4-sec interval of time in which the President
was fatally wounded. This figure could have been drawn as
an extension of the Coninvssion-derived Fig. 6, which ends
at frame 255, but I wanted the scaleenlarged because the
new individual points arc now more precisely known. And
all of this is in a region where the background

. . is just a grassy plot. So there is no reference
point on which we can reestablish the position of the
car in the roadway."'5( !]

The extreme smoothness of thecurvecomesfrom thefact
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Ihel tile sncaring due to the camera accelerations (sec in
fig . 1) cancels out: (lie nlasuretnents are made from a
highlight on tile car, to one of the reference points on the
(featureless) "grassy plot" that I've just discussed . Any
"jiggle- of [lie camera axis moves both of these reference
points (o) [lie car and on the ground) by the same distance
on [lie Illm, Living the distance between thetwo images on
the film unchanged. These diuances are plotted against
Iran,, number in I~ig . 7, and I eslnnale Ih:n each point has
a relative uncertainly" of about 4 in . "in real space." Thecar
Ilnd tin average velocity of about 12 mph or about 12 in ./
lranlc interval . 1 would normally show all tile measured
lxsinls on a curve such a d1is, hot the scalierof Ih.75 plink
;about Ilm "best lit" two line segments is Iris than the width
of (lie lines .
Thecar was moving alanosl exactly al 90° to the camera

;Isis for these let , seconds ; one can easily check This by
II'lling that tile iuegcof IIIC laoriruntel strip scpar;lling illc
rout and back cmnparlnunhof I lie open car appearsas a
vertical stripe in one of these Ironic ., Ironi Mr. Zapruder s
downward-looking Caanera . I or IIli% reason we can translate
relative position, of a car lugldighl and the background
object nn a I r :unc-by-Irunic basis directly into [lie velocity
of the car, simply by aneasuring the slop; of illc graph in fig .
7 .

Ilie heavy car decelerated suddenly for about 11.5 sec ( 10
frmne,), centered ill about Ir ;unc 299, reducing its speed
Itom about 1 2 loph ot above 9 liph . Since thecae wascer-
lainly being operated in sonic low gear ratio, the dccclera-
lion was no doubt caused by [lie driver reducing his fowl
pressura on the accelerator pedal. Tile question is then,
"Why did the driver suddenly slow down al a time when a
more natural reaction would be to speed up and weave to
left and right, to avoid being hit again . - I worried about this
forsome time . without finding anysali .slactory answer. But
then I limnd sonic Icsthnony concerning a police siren that
was remembered to have conicjust alter the [)resident wits
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killed (in frame 111) . 'Idle many inconsistencies in tile
various witnesses' remembrances of exact limes in this
critical period made one feel that it was permissible to
suggest that the siren . Iroanan escorting pdiccvehicle be-
hind tile President's car, hadconic a few seconds bijore tile
fatal shot . It would be must probable that an escorting of-
ficer, having heard one shot, and seeing the President
wounded by a second shat, would hit the siren button when
I'msuggesting JIcdid . I f11Ie siren sound became apparent
to Mr . Zapruder at fraane 285, we would expect him to re-
spond at fralnc 290, wl crc we sec the "unexplained and
relatively weak angular accelerations" starting . We don't
know the reaction lime , .t the driver, but if it wits 0.5 see (9
Frames), [hen he would I'I t his foot from theaccelerator at

"al",
294, as Pig . 7shows he did. Hvcryone will recognbc

that such s rcacuon on [lie part of the driver would be an
unavoidable conditioned reflex ; we all learn that when we
hear a siren suddenly turned on,just behind ourcar, we lift
our fort from [lie accelerator pedal . I haven't been able In
think of any other rcson why tile driver ora carthat has
just slopped one or two high velocity rifle bullets would
suddenly slow rbnan his rate of travel .

The driver of (lie car, Agent William R. Greer, recalls
that lie speeded up the car in this period":

Mr . ArlenSperIt'r Do you recollect whether you ac-
celerated before or at the same time or after the
third shot'?

Mr. Greer I couldn't really say. Just as soon as I
turned my head back from the second shot, right
away, I accelcraled right [hen . It was a matter of
my reflexes to the accelerator.

Mr . Sperrer Was it at about that time that you heard
the third shot'?

Mr . Greer: Yes, sir; just as soon as I turned my
head .

Mr . Specter: What is your best estimate of thespeed
of (lie car at the time of the first, second, or third
shots?

Mr . Greer: I would estimate my speedwas la;lwcroo 12
and 15 mph.

Mr . Specter At the lime all of the shots occurred?

Mr . Greet. At [lie time the shots occurred .

But since I it, 7 shows that the car was still moving at
the slower talc through the last of the published Zapruder
franm nuauher 114 it is opparew thin Mr. Greer's
meanory doesn't the with [lie recorded fact% . 'I' his is what
Prolessor Nucklunn pointed out in his article on the reli-
ability (it eyewitness Icslintonys ; all past events aren't r--.
corded in a person's memory as on a magnetic tape . t o he
recalled later. That is why I find the photographic record
so imercsling; it doesn't have the normal human failings .

Certainly, [lie car eventually speeded up, and this is
doubtless what Agent Grccr recalled . In view of the dis-
parity of several seconds between what the agcm rcmeln-
bered of this terrible event and what actually happened, the
reader may conic to accept my conclusion that memories
of the siren were similarly off by n few seconds . That's all
it takes to turn the otherwise fantastically absurd dccelcr-



'ation of the car into a reasonable conditioned re Ilex on the
part of thedriver to thesound ,fit siren going offin hiscar,
and to shake up Mr . Zapruder at the %.tine lime . Ilut a, I
said in the introduction . I can't prove that this is the way it
happened .
As stated cvhcr, the freaks in the "grassy plot" were

doubtless made by a small object reflecting light from the
sun into the lens of Mr . Zapruder, camera . Figure X shows
how this streak moved across the film gate in the camera
(frames 313 334) . This particular interval ofju,t more than

I sec coincides exactly with tile climax of the events in
Dcalcy Plava . The president has just been fatally shot as
tile streak appears in tile background, labeled 311 . In the
following second . Mr . /aprudcr exla;ricaCCN grcal difficulty
in continuing hi% earlier sn,oolla (racking . I le sees clearly
in his view finder wiml has happened to his president, and
it is a traumatic experience for Ilim :

,tar . /op-dc,

	

I heard n second II t and then I
v his head opened up and the blood and every-

thing came out and I started -I can hardly talk
.,bout it . [Tile witness crying ."

But to return io tile %freak, in p ig . 8, let us first realiic
what that figure would I,avc beaked like it 11-1 is had of

been fired . Mr . Z;,pruder's tracking ability hils born
checked during thequiet periods of Pig . 1 : a given highlight
tin tile car. i n those periods, stay, pldnfike, and at a fixed
Ireation in the IsInl gala . Under such circuntslance,, a point
of light in the background, such a, [flat shown in fig, X,
would move across file film gale oo a streigly line, al eon-
,1anl velocilv . But hcxal- 111e caulera shulicr closes be-

,Iwecnexposures,

	

hile the film is being "pulled down;'the
,(might line just mentioned would opl,ear as a "dashed line"
dreoa by a dial l,nann using a siriglalcdgc.

( ontrast tile evenly spaced d:1%Iles on a straight line that
/aprudcr was capable of "drawing,° with the dashes of I ig.
X ,hid, appear to have beep drawn by a sp,, ,,; that might
yen be the correct word to describe Mr . Lapruder's con-
dmon in Ihm ghastly second after frame 313 . (Until I re-
uli/cd haul the label, on Iralnes 314 and 11 S h;td been in-
Icrch:mgcd in dmcxhlbil,, I Ihouglrl Mr . /aprudcr haul lost
even more control of his ;nu%clcs than Ile act.,idly hall .)

Starling ;it franc 311 . we sec t he streak, move up to the
rigln and file,, back quite rapidly to Ill, left . This phe-
nomenon might be related to tile "crescent"-like .%freaks
seen in tile Cllr ; tests ." 111 Fig . 1 . 1 couldn't plot fill, two-
dinlcn,ional cxcursioo of lhecanlera axis . but one can sec
front that figure, al franc 332, 111 :11 sonlcllung picuy violcnl
is happening . If I'd lull access no the enlarged color print,
That Governor( onnally i�I,nwu viewing in / ., Jr, il would
Icave been aorlInv11de punting 1rncking curve% like Fig. 9,
lo, I I l, wind,,equcn-,rf I -r;uuc, . Itly rca+ol . tin sayi,lg plus
i, (hat -ch a curve unnplemcnt, an ;, eclermiou gral,h,
uch ;is p ig . 1 . Id-11\ . tile two should yield the %;title in-
(orn,alton, but in practice, tile blacking curve showsmore.
l his can lie seen by comparing Pig . X with Pig . 3, in the
vicinity ill frame 325. From Mr . /:lpruder's measured os-
cillanon mile of five francs, I cxl,ccl .,d lo .scc an accelera-
tion pe :lk in I-ig . 3 . near this Iran- Ilu1 I've already men-
tioned IIle fact Heat of all tile expected ones, a third of a
second apart. only this rival, wits nursing . 1 lowever, a glance
al (rig . 9 'ho., [fill there Was quite a space in Mr . Zapru-
ders relatively smooth tracking curves :at this point. This
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example illustrates tile face that tracking curves are more
scmiuve tllan I lm angina acceleration graphs that derive
front ,ubtractcd stroll, length,.

I'll close Illi, section by recalling that the wealth of data
shown in I ig . X,cnconlp.a�1ngtilechnlaeticsccond in Dca-
Iey Pla/a, involves ;1 bane period when en FBI pholoin-
Icrprcter told the me nlliers or the Warren Con sit is%ion that
from tho,c pictures alone . (here was no way to tell where
the car was. I hope that I Iii% section will demonstrate what
I've long Ich -IIIat file Iestin,ony of a physicist could have
been of help to file Warren Commission, as it searched for
tile hull, in early 1964 .

A( KNOWI-EDGMENTS

As I've ind-lied in tile body of this paper, I've had help
front several fricnds in [lie shoerling experiments, particu-
larly "(luck" Iluckingh:Int ;old Don Olson. Paul I loch wits
[or a long lime nn most knowledgeable and severest critic .
In tile absence of hi% abvavs friendly but persistent criticism,
this report of it,), fully of the Zapruder film would have
been much less convincing that I now hope it is . I Its vast
store of knn,ledgc concerning all aspects,)( tile a.,sassina-
lion was of great hell, to Inc. i n my position of halving rend
alinost nothing of IIIc literature critical of file Warren
Colnn,i,%ion', RelKIn . I Its help in such matters is clearly
evident in tile text, �here 1 acknowledge the work of others
who amicipalcd conch-on, that I reached later, but in-
depcndcnlly . I'eul made many suggestions for improvc-
ancnls in a 19711 droll of this report, almost every one of
which I incorporated . I don't believe we've discussed the
assassination Inure Than once or twice since then, and I
haven't talked lo Paul since I started tile final rewriting a
few months ago. lie is u,w writing a book on Idle assassi-
nation . and weave ilficed that although we each learn from
[lie other, when tin :11 versions arc being written, only one
person can be rcsponvble . And finally, I would like to ac-
knowledge a great deal of constructive editorial criticism
and help from Richard A. Muller .
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Chairman STOKES . The committee will come to order .
This Chair recognizes Professor Blakey .
Mr. BLAKEY . Thank you, Mr. Chairman .
Mr. Chairman, the testimony now to be taken concerns forensic

firearms identification-the science of identifying fired bullets and
cartridge cases with particular firearms . But first, some back-
ground information will be helpful . Soon after the assassination,
Dallas police suspected the shots originated at the Texas School
Book Depository. At 1 :13 p.m. central standard time Deputy Sheriff
Luke Mooney discovered three used cartridge cases lying on the
floor near the southeast corner window of the sixth story . The
cartridge cases were later turned over to the FBI.
At 1:22 p.m . Deputy Sheriff Eugene Boone and Deputy Constable

Seymour Weitzman discovered a bolt-action rifle equipped with a
telescopic sight . It was also on the floor of the sixth story of the
book depository, near the northwest corner . Weitzman-though
neither he nor Boone actually handled the rifle-described it as a
7.65 German Mauser, although it was subsequently determined to
be a 6.5 millimeter Mannlicher-Carcano Italian military rifle . It
contained one round, a full copperjacketed military-type bullet
manufactured by Western Cartridge Co.
As the officers were collecting assassination evidence in the Book

Depository, Officer J . D . Tippit was shot and killed in the Oak Cliff
section of Dallas, several miles away from the Book Depository .
Four spent .38-caliber cartridges were found at the scene of the
Tippit murder .

Before 2 p.m., Lee Harvey Oswald was arrested as a suspect, not
in the President's assassination, but in the Tippit shooting .
He was apprehended after a scuffle in the Texas Theater, and he

was carrying already a .38 Smith & Wesson special designed to fire
.38 Smith & Wesson ammunition . Although the revolver had been
rechambered to fire .38 special ammunition, it had not been rebar-
reled .
At approximately 1:55 p.m., a bullet was found on a stretcher in

the emergency area of Parkland Hospital. O . P . Wright, Director of
Security, was notified, and he turned the bullet over to Secret
Service agents. It was the one the Warren Commission was later to
label exhibit 399 .
Other evidence that was recovered in the aftermath of the assas-

sination included missile fragments from the Presidential limou-
sine, fragments from Governor Connally's wrist, and fragments
from the President's body . In addition, a bullet that had been




