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An experimental investigation of transient electromagnetic wave propagation in the
microwave frequency range related to the theoretical investigation of Sommerfeld and
Brillouin is reported. Both the Sommerfeld and Brillouin precursors are shown experi-
mentally.

In 1914, Sommerfeld and Brillouin calculated
the propagation of a transient signal (specifical-
ly a sine wave starting at t =0 and terminating at
t = T) through a dispersive medium. The disper-
sion relation (Fig. 1) of the medium which they
considered was given by k = (ro/c)[1+ a'/ar, '
-ar')]'" where &o, is the characteristic frequency
of the electron and a is related to the charge,

the mass, and the number of electrons in a unit
volume. The response to the above mentioned
excitation was calculated in a series of now clas-
sic papers which are summarized in a book by
Brillouin. '

The interesting results of their calculations
can be summarized in modern terms as follows:
At a given observation point z the main contribu-
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tion at any time t results from those points on
the dispersive curve (see Fig. 1) whose tangent
is parallel to z/t. For &u - ~ the tangent of the
dispersion curve is c (velocity of light in free
space) and is the steepest tangent in the disper-
sion characteristic. Hence at a given z, no re-
sponse is observed for z/t & c. At a time tz =z/c
the response starts. This is the star of Sommer-
feld precursor. In the limit, the contributing fre-
quency approaches infinity at this point in time.
As time progresses, the point which gives the
main contribution moves along the upper branch
of the dispersion curve towards points of smaller
abscissa and smaller ordinate; the frequency de-
creases. At a time given by z/tlat =c/(1+a'&u, ')"'
the first contribution from the lower branch of
the dispersion curve (from the point of m = 0 ordi-
nate) is obtained. This point gives rise to the
Brillouin precursor whose first half-cycle is de-
scribed by an Airy function. As time progresses
beyond t~, contribution to the response from in-
creasing frequencies is obtained from points on
the lower branch of the dispersion curve.

The essential features of the propagation of
transients in dispersive media were well under-
stood by Sommerfeld and Brillouin. At that time,
however, when the asymptotic (stationary-phase,
saddle-point) calculations were made, the exper-
imental facilities in the microwave and optic
range were inadequate to observe transients. To
our best knowledge neither microwave nor optic
experiments have been performed hitherto in or-
der to demonstrate precursors.

The microwave experiments presented here
are believed to be new and are related to the
problem considered by Sommerfeld and Brillouin.
In all, three experiments were performed on
guiding structures which have dispersion charac-
teristics similar to that of the unbounded dielec-
tric medium.

The first experiment was performed with a fer-
rimagnetically filled coaxial line. The fundamen-

tal mode of this guiding structure has two propa-
gation branches as in Fig. 1, where the charac-
teristic frequencies jd, and (a'+u&o')' ' are both
dependent on the externally applied magnetic
field. Here the slope for very high frequencies
approaches c(e~) "'. A pulsed sine wave wa, s ap-
plied to this structure with a carrier frequency
of 0.625 GHz and a rise time of approximately 1
nsec. The response is shown in Fig. 2. With ze-
ro applied field, the sine wave is propagated
without much distortion. As the field strength is
increased to 20 G, the carrier frequency, still
above the value of u&, but already below (a'+ ~,') '~',
does not propagate, but the precursors propagate
and the high-frequency (Sommerfeld-type precur-
sor) and low-frequency (Brillouin precursor)
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FIG. 1. Unbounded dielectric dispersion characteristic.
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FIG. 2. Pulsed sine-wave response (5 nsec/div).
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components of the pulse are clearly visible. As
the field strength is increased to 100 G, the Som-
merfeld-type precursor is no longer visible (be-
ing masked by noise), the Brillouin precursor is
visible, but the main signal does not propagate.
At 200 6, the relative situation of the frequen-
cies &u„(a'+&a,')"', and the carrier is approxi-
mately that of the case considered by Sommer-
feld and Brillouin, and it is clearly seen that, as
predicted by them, the Sommerfeld-type precur-
sor is not visible (due to oscilloscope noise), but
that the Brillouin precursor is visible and is fol-
lowed by the main signal.

To investigate the transient characteristics of
these branches separately, we chose two differ-
ent guiding structures which have transient char-
acteristics similar to these two branches dis-
cussed previously. The optic mode of an infinite
plasma or an air-filled rectangular waveguide in
the TEyo mode has a dispersion characteristic
which displays the Sommerfeld precursor. We
chose the air-filled guide for experiments. The
Harms-Goubau line (a surface-wave line) prop-
agates a quasi-TEM mode which for early parts
of the transient response is similar to the lower
(dielectric) branch.

For the air-filled waveguide experiment, we
chose C-band waveguide with a cutoff frequency
of 4.29 GHz. To obtain good spectral separation
of the frequency components on a time basis and
be as close to the source as possible (because of
amplitude considerations) we chose a 6-ft length
of waveguide (1.83 m). Our source of excitation
was a fast rise-time pulse generator (HP1105A,
1106A combination), which yields a 30-psec rise-
time. We viewed our response on a Hewlett
Packard 12.4-6Hz sampling oscilloscope. The
input reference and response wave forms are
shown in Figs. 3(a) and 3(b). The input reference
was obtained by using the output of the two coaxi-
al-to-waveguide adapters connected back to back
as the reference signal. To measure the delay to
any point on the response wave form, we posi-
tioned the expander dot on a point on the response
wave form and measured the delay to that point
on the oscilloscope display. To measure the fre-
quency at that point we set the scope display on
the expanded scale and assumed that the wave
form corresponding to the position of the dot was
in the center of the scope display. Since the ac-
curacy of such a procedure is in question, we
plotted the frequency as a function of normalized
delay for quite a wide range of frequencies in the
response and compared it with the group-delay
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FIG. 3. Precusor wave forms.

characteristic. In all cases, our measured delay
was longer than the calculated group delay. At
the center of the photograph in Fig. 3(b), the
wave form has a frequency 3.6 times the cutoff
frequency and arrives with a normalized delay
of 1.05. A response, however, can be discerned
approximately 3 divisions earlier, which corre-
sponds to a normalized delay of 1.02, or (pessi-
mistically) 2% slower than the speed of light
traveling in vacuum. This is quite close to the
start of the Sommerfeld precursor and well with-
in the precursor region.

For the Harms-Goubau line experiment, we
chose RG8/U coaxial line and took off the outer
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conductor (ground braid). We used a 6.5-ft length
of line for this experiment. As an excitation we
used a shorted transmission line on the output of
the step generator described previously to obtain
a 50-mV, 100-psec-basewidth pulse. This type
of excitation has large amplitudes at low frequen-
cies, where the interesting characteristics oc-
cur. Because of the finite size of the launching
horns (10 in. long and 6.5 in. diam), however,
the low frequencies are attenuated by the launch-
ing device. The response wave form obtained is
shown in Fig. 3(c). The first half-cycle of the
transient response is described by an Airy func-

tion. A comparison of the wave form obtained by
us experimentally and the shape of the Airy func-
tion shows remarkable qualitative agreement.
This is the function obtained by Brillouin in de-
scribing his second precursor.

*Research supported in part by the U. S. Office of
Naval Research under Contract No. Nonr 285(66).

)Based in part on a thesis submitted by Peter Plesh-
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gree of Ph. D. (Electrical Engineering) at New York
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In 7t d interactions at 2.7 GeV/c we have observed the D meson with mass 1.27 +0.01
GeV/c and width 30 +15 MeV/c to decay into the 6 meson with mass 0.98 +0.01 GeV/c
and width 40 +15 MeV/c . The 5 meson is further observed to decay into n q with both
neutral and charged decays of the p.

In this paper we report on a study of the follow-
ing reaction at 2.7 GeV/c:

7t+d-P Pm+m q,8

where Ps is the proton spectator. In Reaction (1)
we have observed the production of the D me-
son'~' and its subsequent decay into m+ 6(980) with
the 5 decaying into m+g; both charged and neu-
tral decays of the q are observed. Our results
are similar to those reported on the production
of the D and 5 in PP interactions~ and production
of the 5 in K -nucleon interactions. &' It is not
clear if the 5 observed is the same as that seen
in the missing-mass spectrometer experiment. '

The events kinematically fitting Reaction (1)
came from the following sample of events:

w+d —pg2w+2m m', 1112 events;

w+d -P Pm+m (MM), 1698 events,

(2)

(3)

where (MM) denotes missing neutrals. ' The data
were obtained from an exposure of 80000 pictures
taken at the Lawrence Radiation Laboratory in
the 72-in. deuterium bubble chamber. 716 events
in Reaction (2) have a nonvisible spectator while
the remainder of events in Reaction (2) and all of

those in Reaction (3) have visible spectators. To
ensure predominantly m+-neutron interactions
events having spectator proton momentum great-
er than 250 MeV/c were not used in this analy-
sis. ' Kinematically fitting Reaction (1) are 412
events from Reaction (2) and 401 events from Re- .

action (3).
Figure 1(a,) shows the m+m wo mass distribution

for events from Reaction (2). The smooth curve
is a result of a fit including g and co production
plus phase space. The fit requires that 235+ 45 g
events are produced. '

Enhancements corresponding to the D'(1280)
and the g'(960) are visible in Fig. 1(b) which
shows the gn+~ effective-mass distribution.
Furthermore, a shoulder corresponding to the
6~(980) can be observed in the q7T+ effective-mass
distribution presented in Fig. 1(c). The distribu-
tions in Figs. 1(b) and 1(c) are for events in Re-
action (2) which fit Reaction (1), that is, events
which have an p decaying to n+n m .

Further evidence for the 5 can be seen in Fig.
2(a) which is a, Dalitz plot with M(g7j'+v ) con-
strained to be in the D region. If the D decays in-
to 6m and the decay is invariant under charge
symmetry, the number of decays into 6+m must
equal the number of decays into 6 n+; our data
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