Wave packet propagation into a negative index medium
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We examine the phenomenon of negative refraction using wave packet propagation. The behavior
of a single plane wave incident from vacuum onto a flat surface of a medium with a negative index
of refraction is solved analytically. The solution requires matching electromagnetic field
components across the interface and produces a reflected and a refracted wave in addition to the
incident wave. We form by numerical integratiofi@aussian-weightedinear combination of these
solutions. Pictures and videos that illustrate the resulting wave packet motion are presented for a
variety of parameter choices. @04 American Association of Physics Teachers.
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[. INTRODUCTION and introduce several formal changes. ketx—ct, offset

) _ ) the gaussian weight frok=0 to k=k,, and replacéct by
There has recently been intense interest in whether ap; Tnen Eq.(2) becomes

electromagnetic beam coming from vacuum can undergo
negative refraction as it enters a medium. This behaviogiko(x—ct)g—(x—ct)?/2a®
would be characterized by assigning to the medium a nega-

tive index of refractionn, so that in Snell’'s law _ fw d(ka) o (k- kg 2a2i2gi(Kx—ot). 3
sing;=nsiné,, (1) —» 27T

a positive incident angl®; and negativen would imply a  The real part of this complex-valued identity is shown in Fig.
negative refracted angleé . The beam would not cross over 1.
the surface normal as it refracts into the material. The idea If we takec as the speed of light in vacuum and interpret
that negative refraction might be possible dates back nearly andt as position and time, then the left-hand side of Eq.
40 years to some theoretical papers by Vesefa@umly in (3 represents a wave packet with a Gaussian envelope that
the last few years have experimental reports appearfed, drifts (rigidly) to the right. From the right-hand side of Eq.
which have stimulated a flood of theoretical studies. A subset3), this result arises from a linear superposition of plane
of this literature is cited hefe*®with a longer list available wave solutions in vacuum, each described by wave véctor
in Ref. 14. As this rush igperhap subsiding.® we offer an  and (angulay frequencyw with w=kc. Both the phase ve-
heuristic contribution. _ locity, w/k, and the group velocityyw/dk, equalc.

Our goal is to develop and present simple model calcula- 17 yescribe what happens to the wave packet when it en-

tions that illustrate the basic phenomenon. The strategy is 9, \nters a second. semi-infinite medium. we need only to

construct a localized, drifting wave packet in vacuum andmodify the plane wave factag**. We assume that the flat
then follow its evolution in space and time as it encounters . -~ . o .
terface is atx=0 with the incident packet coming from

the flat surface of a negative index medium. Our methodd”

(slightly) extend textbook discussions, such as Chapter 7 in-0: 'eplac&—k, on the right-hand side of E¢3), and take

Ref. 16 or Chapter 2 in Ref. 17. The calculations are straight- elkX— pemikX  (x<0)
forward and should be easy to reproduce. g iotgikyx_ a-iot ox (4)
In Sec. Il we derive the basic equations and introduce the te’m (0<x)

simplified dispersion relation we use inside the negative iny herer andt are the reflection and transmission amplitudes,
dex medium. The subtle questions about how to match SO|lk is the incident wave vector in vacuum, akg, is the
tions between the vacuum and the negative index mediun)’ '

are explicitly discussed. In Sec. Ill we present a series 0 ansmitted wave vector in the material.
plicitly ’ hwe p . To obtain these parameters, we need to incorporate Max-
calculations of wave packet motion in one and two dimen-

; ; . . . well's equations. Initially we will assume one-dimensional
sions. Various still frames are shown, but videos are an im; . )
D) motion along the interface normal We choose the

portant part of the presentation, which may be accesse ) . oo :
through EPAPS? Although one can appreciate what is hap-Y(Z) axis along the transverse electfiagnetig field direc-

pening from the algebra and the still frames, the videos realljion- The real part of Eq(4) representsE(x,t)/Eq and the
bring the subject to life. analogous equation foB,(x,t)/By is obtained by the re-

placement—r— +r and t—tk,/k,. The requirement of

continuity of Ey, andH, acrossx=0 yields
II. WAVE PACKET DERIVATION kK, = . 20,
Tkt U Kelk

&)
We start with the integral
whereu, = ul g, o is the permeability of free space, and

e x%2a? _ - d(:a) o KPa%lzgikx 2) g(w) is the permeability of thépresumed isotropjcme-
—o 27 ium.
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wherew,, is a fixed(plasma frequency. Forw<w, both ¢,
andu, are negative, and as we shall show, the medium has a
negative index. We stress that ET) is introduced as an
heuristic simplification. Once it is understood how negative
refraction arises for such a case, it will be relatively easy to
understand its origin for more realistic constitutive relations.
If we substitute Eq(7) in Eq. (6), we find

w (J.)p
K€l 0p=* \/| —— —2
a)p w

: ®

that is, two possiblé,, for eachw. The appropriate one to
use in Eq.(4) is determined by the requirement that the
group velocity,dw/ dk,,, should be positive to guarantee that
flux is carried away from the interface and into the medium
atx>0. A graphical illustration of the proper choice fiqy, is
given in Fig. 2.

Equation(8) becomes

Fig. 1. Gaussian wave packet in vacuum. The solid line is the wave packet
and the dashed curves form its Gaussian envelope. As time increases, the kmc w wp
wave packet and the envelope move at the common spéedhe right. — =, 9

wp wp w
which implies that
2

There remains the choice &f,. From Maxwell's equa- n—1— @p (10)
tions we obtain - w2
2 2
K2 _w _@ 2 We see thah is positive(negative for w greater(lessey than
m= ¢2 Erfr= c2 n-, (6)

Wp .
pWe postpone the numerical evaluation of the 1D wave
packet until Sec. lll, and instead extend the formal analysis
to two-dimensional2D) motion. We need a 2[R-space in-

tegral, sok,—k,=p,X+qy in Eq. (3). The x—y plane be-

comes the plane of incidence. We choose the electric field to
be peré)endicular to this plane and write the extension of Eq.

where €, = €l €g, €y is the permittivity of free space, and
e(w) the permittivity forx>0. The second part of Eq6)
defines the index of refraction to within a sign. Once we
decide how to choose this sigky,/k, can be replaced by
and the result substituted into E{S) and(4) and integrated
overk, via the extension of Eq.3).

In this paper we shall explore the implications of the sim-(4) as , ,

lifying assumption that _ e'PX—pe™'PX  (x<0)
p fy g p , EZ/EO:eI(qy*wt) D (11)

wp te’"m (x>0).
€rl@)=pl(w)=1- P 0 From Faraday’s law the corresponding magnetic field is

|
_ ipvx+ —ip,X <
B:<— _o) ci(ay- o0 (=9.p, 0)e™ +r(a.p, .0 (x<0) 12
@ t(—q,pm,0)e'Pm, (x>0)
|

where the triplets in parentheses representxthg, z com- The remaining question is what to use foy. If we com-

ponents. Note that these waves have the same valweanfi  bine Eqs(11) and(12) in Ampere’s law, we obtain Ed6) or
g on both sides of the interface. This insures that if a wave is

properly matched across=0 wheny=0=t, then it will be , O 5
properly matched across=0 for all y andt. The require- pm:?fr'“f_q : (15)
ment of continuity ofE, andH, yields

2

P/ Py — iy 2u, Equation(15) i_s readily s_olve_d for the constitutive relations
r= , U= ; (13)  of Eq. (7), as illustrated in Fig. 3 where we have plotted
Pm/Py+ air Pm/ Py air versus the real part gf,,. If p,zn is positive, we choose the
as the extensions of E@5). For the incident and reflected sign ofp,, so that the component of the group velocity along
partial waves we have the normal is directed away from the interface; that is,
o o dwl dp,>0. A new feature that arises is a rangewofvhere
gq= Esin 0, pU=Ecosai , (14  p2<0, which we call a gap. In the gam, is purely imagi-
nary and should be chosen to be positive imaginary in order
where 6, is the angle of incidence d, . that the waves in Eq$11) and(12) decay as they penetrate
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Fig. 2. Dispersion relation for a medium with the constitutive relations of Fig- 3. Dispersion relation for a medium with the constitutive relations of
Eq. (7). The horizontal, dashed curves show two possible choicesarfd ~ Ed- (7) and a nonzero angle of incidenég=45°. The method for finding

the small circles mark the appropriate choicekgfto produce a positive Pm is the same as in Fig. 2 except in the gap between the two branches
group velocity. Note that the sign &, flips whenw passes through,, . wherep2,<0. Over this range we must choopg=i/— pz.

pPm remains meaningful and the evolution of the wave packet

into x>0. For this case there is total reflection becalise can be readily calculated. Examples are shown in Sec. Ill.

=1. ) ) ) i Another extension is to allow, and u, to have a distinct
Consider now Snell's law, which arises from the choice ofg3nd more complicateérealistio dependence on frequency.
a commonq=>0: We leave this extension for the interested reader to pursue in
|k, |sin 6, =q=|Ky|sin 6. (16) detail, and note only that the general prescription we have

] ) ) ) ~ presented here should still apply. The key for the negative

Our procedure is to first determine the sign of the refractionindex behavior is that the dispersion relations have the quali-
angle, and then use Eq1) to set the sign oh. We recall  tative feature shown in Fig. 2 that/Jk be negative over a
that for a wave packet built from a continuum of plane wavesrange ofw. Negative refraction also has been observed in
neark In an isotropic medium, the phase and group velociphotonic crystals and its understanding has developed in par-
ties are allel to that for the negative index of metamaterial

media?!~?’ As the surfaces of constant frequencykispace
(170  distort from spherical, the matching calculation at a surface
becomes more complicated, but the principles remain the
same.

B ,ka) B Raw
Vp_ Fy Vg_ W!
wherew>0, k is a unit vector alondk, andk is the magni-
tude ofk. Thusvy is parallel(antiparalle) to v, whendw/ dk
is positive (negativg. For frequencies above the gam, is  !ll- WAVE PACKET EVALUATIONS

positive and the phase and group velocities are parallel for We begin wi _
: ) gin with the 1D case and chodgg/w,=1#2 and
x>0 and directed away from the interface. Hergze-0, by wpalc=20 in Eq.(3). Figure 4 shows the wave packet of the

the usua}l conventlon, ano>0. For frequencies bEIO\.N. the electric field approaching the interface. Note tEgtis con-
gap, pm, is negative and the phase and group velocities for,

. . L tinuous, but its slope is discontinuous acrgss0. The latter
x>0 are antiparallel, with only the group velocity directed roperty arises because, /9x is proportional toB,, which
into x>0. Hence bothy, andn are negative. Note that the brop 4 prop z

L . js discontinuous due to the jump in the permeability. Another
definition for n used here yields the same result as foun Jump P 4

U HIE ) emarkable feature is that there is no reflected packet as fol-
from Eq.(6) and the construction in Flg.zf.The magnitude  |ows from Egs.(5) and (10);

of n is set simply byk.,|/|k,|, but for its sign we need the
direction (although not the magnitugief v, . Km/k,=n=p. (18)

We end this section with a brief discussion of extensionsrhis special 10(normal incidenceproperty makes it easy to
of our model. The first possibility is to allow for dissipation. track the motion of the incident wave. The largest positive
For example in Eq(7) we could replacen’—w(w+i/7),  peak inE,/E, is located atw,x/c=—30 whenw,t=—30.
where 1f is a scattering rate. The only formal change this|t and the whole incident packet simply shift hy,Ax/c
replacement makes in the wave packet calculation is that the 10 for every increment o, At=10.
rule for choosingy, is simplified: at all frequencies we want  The transmitted packet is more difficult to analyze. In Fig.
the solution of Eq(15) with the imaginary part op,, to be 5 we show its evolution for smaller increments in time. It is
positive. For small 1,7, this change does not remove re- obvious that the points of constant phase are drifting to the
gions wheren<<0. For larger 1b,7, a description in terms of left. Their velocity is close to-c, which is what one finds
Snell's law loses its physical meaninecausen and 6, by using the indexny=—1 for the center of the wave
acquire significant imaginary pajtsalthough the recipe for packet. The motion of the packet's envelope %o¢0 is re-
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Fig. 4. Wave packets fowm,t ranging from—30 to +30 in steps of 10 as

maximum|E,| in the incident packet ig2. The vacuum—material interface
is atx=0.

vealed in Fig. 6. We see that it is to the right but at a reduced
speed of approximatelg/3. If we differentiate Eq(9), we
obtain

C
Vg=—>>,
g 1+a)g/w2

which becomeg/3 at wy/w,=1W2.

We can animaté the still frames shown in Figs. 4—6. The
backward(forward) motion of the phasdéenvelope of the
transmitted wave packet is obvious and striking. Note too
that over the spatial range exhibited, there is little reduction
or distortion of the envelope. In Fig. 6 and a second
animatiort* we show how the introduction of a weak dissi-
pation with w,7=100 leads to damping of the transmitted
packet. The phase and group velocities are scarcely affectec

We now turn to motion in 2D. We want the incident packet
to have some asymmetry but to be aligned with the incident

direction defined by the unit vectdd®), which makes an
angle 6; with the surface normal. A general incident wave
vector is written ask=k;k(?+k,(2xk{?)) and its Gaussian
weight is (@,a,/27)exd —(k,—K®)2a/2— (k,a,)%/2]. We
start with wpa;/c=20 anda,=a;v2 so that the packet is
slightly broader in the direction transverse to its incident
trajectory. We further choosé,c/w,=0.5 and ;=45°.
Note that there are some technical limits to these choices
The p, andq discussed in Sec. Il are given by

(19

p, =Kk cosf;—k,siné;,

(203

10
o)px/c

20

30

Fig. 5. Same as Fig. 4 except thagt ranges from+ 30 to + 36 in steps of
one moves from the bottom to the top. Each curve is offset by 2 and théd as one moves from the bottom to the top.

>

40 60
oopx/c

80

100 120

Fig. 6. Same as Fig. 4 excepit ranges fromt40 to +280 in steps of 40

as one moves from the bottom to the top. For the sddidshed curves

g=k; sin 6, +k, cosé, . (20b
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Fig. 7. Single frame for an incident packetagt=—110 before it reaches Fig. 8. Single frame at,t=0 for the packet of Fig. 7 encountering an

the interface which runs vertically through the center. The profilE gE, interface with glass.

is plotted in greyscale. The bands of constant phase are perpendicular to the

direction along which the packet moves and aligriled design with the

long axis of the packet. cause we are now plotting in 2D, less detail for the packet is
shown. Instead of “points,” we shall refer to “bands” of
constant phase. This language should be adequate to describe

Because the form of the waves we are combining in Eqsthe qualitative features of the packet's evolution. The vertical

(11) and(12) makes physical sense onlyf >0, we cannot ~ 2XiS IS the boundary between vacuum and a matéhat is,

allow k; to be too small ok, too large. In turn these con- x=0), while the .horlzontal axis is the surfage normal. The

straints imply restrictions OIk,(JO), a,, anda,. We must range ofx andy is between— 140 and+ 139 timesc/w,,.

insure that there is negligible Gaussian weight wperr 0. This field of view is used in all our 2D plots. In the greyscale

) . 0 .

Finally, we remark that we shall treat only the polarization plot we use white V\{hene\/_éEz/Eo| Is less thgn 1% of its

analyzed in Sec. I, witlE, normal to the plane of incidence maximurm vaIL!e. This chqce SUPPrESSEs noise far from the

For the symmetr.ic ’assun%lption of Eq). H, for the orthogo " packet due to inaccurate integrals. However, it also produces
’ z -

dots and strips of white within the packet close to whege

nal polarization is, aside from a scale factor, the same funCzp, g5 sign. The location and extent of these structures
tion of space and time.

To be specific about what needs to be calculated for 2 6;:2?3 aargnse;rr?;cli?:a\%riﬁi:srbiﬁr?{é anr:gvisgs()t\j\ll?];i I&ZOL?c.k-
motion, we explicitly show the required integrals:

ground is dark. We have superimposed a white disk over the

d(ksa;) [ d(k.ay,) (classical center of the packet. This disk moves along the
E.(x,y;t)/Eq=R classical trajectory. Everything in Fig. (the envelope, the
v2m V2w bands of constant phase, and the center)distves at the

vacuum speed of light until the packet begins to overlap the
material forx>0.
We first let this material be glass, with a frequency inde-
(21) pendent index oh=1.5. Figure 8 shows the packet at the
instant when the center disk has just reached the interface.

1 (ON2.20 2.2
x e~ (k1=k,)?ail2g-k53502¢, (x 1)

where The bend in the bands of constant phase acxes8 is ob-
k=K, k@ + Kk, (2x k@) =p. K+, 22 vious as the packet undergoes the familiar positive refraction
o 2 v )' Po q_y 22 into the glass. Note the smaller wavelengls evidenced by
(@Yo e'PX—re P x<0 the width of the phase bandfor x>0, and the initial indi-
Edx,y;t)=e''V teiPm 0<x (23)  cation of a reflected packet emerging from the backside of

the incident packet.

and R¢...] is the real part of...]. Thus the integrands derived  Figure 9 shows the situation when both the reflected and
in Sec. Il are known analytically. They are smooth functionstransmitted packets are fully formed and moving away from
with a rapid cutoff for large values oflkyJa, or  the interface. The reflection and transmission amplitudes for
|kl—k§°)|a1. The primary numerical challenge is to calcu- n=1.5 arer=—0.11 andt=0.89, so the reflected packet is
late E,/E, on a sufficiently fine mesh ir, y, andt and then  considerably weaker than the transmitted packet. There are
to present the massive data in an understandable form.  now two center disks. The one in vacuum moves atong

In Fig. 7 we show the shape of the incident packet. Bea line at 45° from the surface normal, while the one in glass
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Fig. 9. Single frame aipt=+110 for the packet of Fig. 7 after reflecting Fig. 11. Single frame ab,t=+ 110 for the packet of Fig. 7 after reflecting
from and refracting into glass. from and refracting into a negative index medium. The center frequency is
wo/w,=0.5.

moves at c¢/1.5 along a line inclined at 28.1°
=sin Ysin(45°)/1.5. In both packets the envelope an
phase bands move at a common speed, so the images in F
9 rigidly drift away from x=0. The packet’s evolution in

d similar, but they are dramatically different for>0. The
nds of constant phase are now bent upwhelond the
jrizonta) as the interface is crossed, their spacing is

smaller, and they are not aligned with an axis of the refracted

Figs. 7-9 is available in a third animatihit represents the vart of the packet. Furthermore, they move backward as
standard behavior from which we are looking for dewaﬂons.shown in the fourth animatioH. This qualitative behavior is

We_kee_p the same incident p_ack_et param_eters an_d let ﬂlﬁe same as illustrated in Fig. 5. While the phase bands of the
material in x>0 hav_e a negative m«_:iex. Figure 7 1S Un- incigent packet movéalong with its envelopetoward the
changed, but Fig. 8 is replaced by Fig. 10. On the vacuungq; quadrant, those of the refracted packet move toward the
side of the interface the packets in Figs. 8 and 10 are quitgecong quadrant, even though its envelope is moving into the
fourth quadrant.

Figure 11 is the analog of Fig. 9. Again although the re-
flected packets are similar, the refracted packets are distinctly
different. For our choice otvy/w,=0.5, the index isn=
—3, so the phase and group velocities are in opposite direc-
tions. From Eq(17) we find for the negative index medium
vp=C/3 andvgy=c/5. The angle of refraction is-13.6°
=sin Ysin(45)/(—3)].

In placing the center disks we have made no allowance for
a time delay during the reflection/refraction process. The re-
fracted disk starts at the origin &0 and moves at fixed,
along the direction of refraction far>0. The fact that this
classical recipe keeps the disk near the visual center of the
wave packet is remarkable.

The refracted packet’s envelope has been considerably dis-
torted. It still is roughly elliptical, but the ratio of its axes has
changed and neither is aligned with the refraction direction,
as occurred in Fig. 9. However, the packet persists as a clear
entity. In Fig. 12 we show a frame at a much later time, about
40 periods (2r/wg) after t=0. The reflected packet has
moved out of the field of view, while the refracted packet
continues to drift slowly down into the fourth quadrant. It
has broadened significantly compared to Fig. 11, but is still

well defined.
Fig. 10. Single frame ai,t=0 for the packet of Fig. 7 encountering an ~ \We next consider different parameter ChOiCGS_ for the i.l"lCi-
interface with a negative index. The center frequencyjgw,=0.5. dent packet. These values must be chosen with care if we
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Fig. 13. The definitions of Eq(14) are used to determine the boundary
Fig. 12. Single frame ab,t=+500 for the packet of Fig. 7 after refracting  curves of Eq(25), which are plotted as thick, solid lines ip(,q) space. In
ir_\to a negative index medium._The reflected packet is out of the field ofyanyeen theséwvhere the legends appéépl,zn<0 and total reflection occurs.
view and the center frequency i/, =0.5. The thinner, circular arcs describe possible valuep,0fndq for an inci-

dent wave of fixed frequency. The small circles locate the parameter choices

for which wave packet calculations are done.

wish to avoid(undesiregl anomalies in the reflected and re-
fracted packets caused by dispersion effects. For instance if a
significant number of incident waves are totally reflectedsirnilar to Fig. 11. The striking change is that there is no

(due to their associated valuesf, being imaginary, then - T

the appearance of the refracted packet will exhibit extra dis[_ege?ed packet.l Fm;f (11 pm—l Tﬁ.v S0 frgn|1 E qﬁ(l?:) r
tortions. Because both and ¢ have square root cusps near — - 0" @y angie ot incidence: 1 his special be aviomat
p2=0, we should insure that most waves in the packet havg ~ 1 Was noticed by Veselagoand underlies several of the

neither negative nor even small positive value ﬁf To see proposed applications of negative index media. The evolu-
neg hail p aluep tion of the packet is shown in a fifth animatih.
how this can be done, consider the condition

p2m=0=? 1—w—§ —?smzei, (24)

which implies thatp2 =0 along the pair of curves
wlw,=(1=sing) Y2 (25)

These curves are plotted in Fig. 13 and represent the bounc
aries of the gap region within which reflection is total. On
the same plot we have drawn several arcs to show ppw
andq vary with the angle of incidence at fixed incident fre-
quency. Asw is increased towardo,, the incident beam
direction must be moved closer to the normal to avoid the
boundary of Eq(25).

With these considerations in mind, we now choose for the
incident packetwy/w,=1#2, 6;=20°, andwpa;/c=30,
but keepa,=a,;v2. By increasing the packet’s width in real
space, we reduce its width in wave vector space and als¢
lessen the effects of dispersion. Figure 14 shows the packe
att=0. The phase bands form symmetric vees centered ot
x=0. The symmetry arises because —1. Hence the re-
fracted wavelength equals the incident wavelengti=c,
and the angle of refraction is-20°. The refracted packet
still appears somewhat squashed compared to the incider..
One_ because its group velocity is |GS§:: c/3. Fig. 14. Single frame at,t=0 for a packet withwg/w,=1#2 and 6;

Figure 15 shows the packet after the refracted part has20°. The field of view is the same as in earliand latey figures, but the
separated from the interface. Its appearance is qualitativelyacket is 50% wider than before.
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Fig. 15. Single frame ab,t=+110 for the same initial conditions as in Fig. 17. Single frame ait=+110 for the same initial conditions as in
Fig. 14. The reflected packet is still in the field of view, but has negligible Fig. 16.
amplitude.

(r®=-0.017) and the refracted packet moves alafg
] =sin sin(1¢)/(—9/16)]= — 18.0°. (See the sixth anima-
For our final example we use,/w,=0.8, §;=10°, and  tjon in Ref. 14)
wpay /c=30 with a,=a,v2. For this casen=—9/16 so the In summary, we have shown how a wave packet descrip-
magnitude of the refracted angleis greater thard; and the  tion allows an accessible and transparent picture of negative
wavelength is larger in the negative index medium than irrefraction. On the experimental side, the fundamental new
vacuum. Figure 16 shows the packettatO. Although the feature is that metamaterials exhibiting a negative index can
wavelength of the refracted piece increases, the spatial extenow be assembletf® On the theoretical side, which has

of the packet inx>0 is less than ix<0 becausevy/c  been our focus, no new principles of optics are needed, only
=16/41. a careful application of known prescriptions. In the examples

As Fig. 17 illustrates, there is now a weak reflected packegonsidered here we have purposely avoided packets that con-

tain (many waves close to or beyond the total reflection
boundary in Fig. 13. For the curious, we have included sev-
eral additional videos that show what happens when this re-
straint is ignored, specifically by increasimgat fixed wg.
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3 [exuavst] 2

FIRING ORDER
1-2-4-3

WMWelch Scientific Company
CHicAGo, VA

Four Cylinder Gasoline Engine Model. The 1929 catalogue of the W.M. Welch Scientific Company had a complete set of apparatus illustrating the operatio
of the automobile, including models of the steering gear, chassis, clutch, distributor, universal joint, gear shift, differential, brakespandytinder motor
that sold for $25. The valve-lifters, valves and crankshaft can be seen. Asibging crank rotates the crankshaft, the pistons go up and down, the valves
open and close and the distributor on the end makes the lights flash. The catalogue copy reads “Even the Girls Will Understand How an Auto-Erigine Works.
(Photograph and notes by Thomas B. Greenslade, Jr., Kenyon Qollege
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