current system will be set up analogous
to but much smaller than that which
characterizes a planetary magneto-
sphere. One approach toward estimating
the shielded area is simply to calculate
the intersection of the lunar surface with
a hypothetical magnetosphere that
would be produced by the model dipole.
From Eq. 4, using No,= 10 cm™,
V, = 400 km/sec, and m = 2 X 10'¢ G-
cm?, we find b = 44 km; this result implies
that the stagnation point is roughly 12 km
above the lunar surface. For com-
parison, ¢t = 1.7 km for the same param-
eters. To find the surface area subtended
by the magnetosphere, we take into ac-
count the tilt of the dipole by inter-
polation from the numerically derived
surfaces of Choe et al. (17). The result is
shown by the light shaded area of Fig.
2c. For the extreme values of N, = 2
cm™3 and V, = 1000 km/sec, we find
b = 36.5 km; this value implies a more
marginal standoff height of ~ 4.5 km
with ¢+ = 3.8 km (dark shaded area of
Fig. 2¢).

Of course, the actual source of the
Reiner Gamma anomaly is more prob-
ably a complex distribution of near-sur-
face magnetization rather than a buried
dipole (6). Higher order moments will af-
fect both the magnetospheric surface
shape and the compression of the field by
varying solar wind conditions. We
should therefore expect a more complex
shape for the shielded region than that
indicated in Fig. 2c. Strong field in-
homogeneities near the surface would
tend to focus and scatter incident
charged particles, producing a spatially
variable surface flux distribution. If the
surface ion flux is a dominant determi-
nant of surface optical properties, then
an unusual albedo pattern, not unlike the
swirl-like morphology of the Reiner
Gamma Formation, would be produced.

L. L. Hoop

Lunar and Planetary Laboratory,
University of Arizona,
Tucson 85721

G. SCHUBERT
Department of Earth and Space
Sciences, University of California,
Los Angeles 90024
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Abstract. Observations of 23 transits of Mercury in front of the sun between 1736
and 1973 show no indication of any significant change in the diameter of the sun.
Regression analysis yields a decrease of the angular diameter, as viewed from the
earth, of under 0.3 arc second per century (> 90 percent confidence limit). This limit
is incompatible with the 2 arc seconds per century decrease obtained by Eddy for the
equatorial diameter from direct observations made at the Greenwich Observatory

and at the U.S. Naval Observatory.

Recently, Eddy (/) reported that the
diameter of the sun, as viewed from the
earth, may be decreasing at the strikingly
large rate of about 2 arc seconds per cen-
tury. This rate can clearly not be con-
stant; if it were, the sun would shrink to
a point in 100,000 years and would have
been twice its present diameter 100,000
years ago. If, instead, this rate were peri-
odic, with a period of centuries, its im-
portance to our understanding of the sun
would be great. I therefore sought corrob-
orative evidence of a change in the di-
ameter from an analysis of observations
of the transits of the planet Mercury in

O

Fig. 1. Sketch of the view from the earth as
Mercury transits in front of the solar disk. The
observations consist of the times of external
contact, ¢, and #,, and internal contact, #, and
Lt <<ty <ty

front of the sun. These astronomical
events take place about 13 times per cen-
tury; they occur only in May and No-
vember, when the earth and Mercury are
nearly aligned, on the same side of the
sun, along the intersection of their orbit-
al planes. Such transits have been ob-
served regularly, with small telescopes,
since the late 17th century. Traditional-
ly, the times of up to four individual
events have been recorded for each tran-
sit: the successive apparent external and
internal contacts, or osculations, of the
disks of Mercury and the sun (see Fig.
1). Until 30 years ago, the clocks used to
time these events were based on the ro-
tation of the earth. Because these obser-
vations consist only of the times of con-
tact, they are virtually free from depen-
dence on all the other variables, such as
star positions, that often plague astro-
nomical observations and their inter-
pretation. This advantage is partially off-
set by the difficulty of accurately deter-
mining the instants of contact (2), a
problem less severe for the internal con-
tacts.

Primarily because of their extreme im-
portance for the experimental foundation
of the law of gravitation, the transit data
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Fig. 2. Residuals from analysis of observations of Mercury transits interpreted as due to pos-
sible changes ADg in the diameter of the sun (see text). The value ADg = 0 corresponds to
D = 1918.66 arc seconds; 1 arc second = 700 km.

have been analyzed repeatedly over the
past century (3). For this purpose, as
well as to determine variations in the ro-
tation of the earth, Ash and I completed
the first computer analysis of these data
about 6 years ago (¢). We analyzed the
transit data alone and also simultaneous-
ly with nearly 300,000 other optical and
radar observations of the moon and inner
planets gathered between 1750 and 1973.
In these analyses, many parameters
were estimated, including the’ diameters
of the sun and Mercury, which were de-
termined by the transit data. Both diame-
ters were assumed to be time-invariant.
Thus, the differences, Ar; — At,, in the
postfit residuals for the internal contacts
from the transit data serve as a useful
measure of any variation with time in the
diameter of the sun (5). These . dif-
ferences can be converted to equivalent
changes, AD, in the diameter of the sun
through the easily derived relation

2
ADy= 5= (1 = 1) (Aty = Ar) (1)

©
where D, = 1918.66 arc seconds is the
(constant) value of the diameter, referred
to a distance of 1 astronomical unit, ob-
tained from our analysis of the transit
data (6); o is the apparent angular veloc-
ity of Mercury with respect to the disk of
the sun, as viewed from the earth
(w = 0.07 and 0.10 arc second per sec-
ond, respectively, for May and Novem-
ber transits); and #; — t, is the time inter-
val between internal contacts. The stan-
dard error, o(AD,), of each value of AD
can be obtained from Eq. 1 by replace-
ment of (At; — At,) by the root sum
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squares, [o(t,) + o?(t3)]'2, of the corre-
sponding individual standard errors of
the measurements of 7, and #;. Figure 2
shows these values of AD_ and o(AD,)
as a function of time (7).

The values of AD are free from any
significant dependence on either the vari-
ation in the rotation rate of the earth or
the uncertainties in knowledge of the or-
bital elements of the earth and Mercury
and of the other pertinent solar-system
parameters. To support this contention,
I point out that the differences between
the values of AD_ obtained from our
analysis of the transit data alone, and in
combination with the other data, were in
each case smaller, and save for one in-
stance much smaller, than the uncer-
tainty due to measurement error. Since,
in the analysis of the combined data sets,
the transit data had virtually no effect on
the estimate of any parameter, save for
those of the diameters of the sun and
Mercury, it follows that any variation of
D, could not have been absorbed appre-
ciably by compensating changes in the
estimates of any of the other parameters.
Thus, except for the possibility of time-
dependent, systematic changes in the op-
erational definition of instants of contact,
the values of AD_ shown in Fig. 2 should
display the intrinsic information on any
variation of D with time. The parame-
ters of the straight line that best fits the
values of AD_, were estimated by weight-
ed least squares; the intercept, epoch
1850, and slope obtained were
0.02 = 0.07 arc second and 0.05 *= 0.10
arc second per century, respectively (8).
These estimates were not changed signif-

icantly either by uniformly weighting
each value of AD or by omitting those
values obtained from Newcomb’s analy-
sis (3). For example, these two assump-
tions yielded slopes of — 0.11 = 0.14
and 0.03 + 0.11 arc second per century,
respectively. Deleting the apparently
less reliable modern data, 1940 to 1973,
by contrast, resulted in an estimated
slope of 0.25 + 0.10 arc second per cen-
tury (9). Even if consideration were re-
stricted to the case of uniform weighting
of all of the data, one could conclude that
any decrease of D, is under 0.3 arc sec-
ond per century (=90 percent confi-
dence limit). Based on the correspond-
ing, weighted-least-squares estimate of
slope, one could draw the same con-
clusion with greater than 99 percent con-
fidence.

This result is consistent with the con-
clusion reached by Sofia et al. (10) that
any contemporary change in the diame-
ter of the sun is less than 0.6 arc second
per century in magnitude. But it is in se-
rious conflict with the value of —2 arc
seconds per century obtained by Eddy
(/) for the rate of change of the equa-
torial diameter (//) from the analysis of
the measurements made at the Green-
wich Observatory in England and at the
U.S. Naval Observatory in Washington,
D.C.

I conclude that interpretations of old
visual observations that depend impor-
tantly on effects discernible near the
seeing limit should be treated cautiously.
There are too many important questions
concerning seeing, instrument character-
istics, and observation techniques that
are virtually unanswerable in the present
era and that could bear strongly on the
reliability of any interpretation.

Note added in proof: After receiving a
preprint of this report, L. V. Morrison ex-
amined the residuals from his and
Ward’s analysis (3) of a more complete
set of observations of transits of Mer-

_cury in front of the sun (they had searched

the literature exhaustively to cull all
relevant observations). From this exami-
nation, Morrison found small, as yet
unexplained, differences between his re-
sults and mine for some transits [see also
(5)], but no statistically significant
change in the diameter of the sun. His
weighted linear regression analysis of the
residuals, whose epochs spanned the
250-year interval from 1723 to 1973,
yielded a slope of — 0.14 = 0.08 arc sec-
ond per century.

IRwWIN 1. SHAPIRO
Department of Earth and Planetary
Sciences and Department of Physics,
Massachusetts Institute of Technology,
Cambridge 02139
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Magnetic Field of a Nerve Impulse: First Measurements

Abstract. The magnetic field of the action potential from an isolated frog sciatic
nerve was measured by a SQUID magnetometer with a novel room-temperature
pickup coil. The 1.2 X 107 tesla field was measured 1.3 millimeters from the nerve

with a signal-to-noise ratio of 40 to 1.

Although the electrical potentials pro-
duced by a propagating nerve action po-
tential can be measured readily, the ac-
companying magnetic fields have thus
far never been observed directly. The
failure of previous attempts is readily un-
derstood. The nerve action potential has
the form of a moving, azimuthally sym-
metric solitary wave (/) which can be
modeled as two opposing current dipoles
driven by a potential change of the order
of 70 mV. The peak currents range (2)
from 5 to 10 uA. The external magnetic

To SQUID

c c

Fig. 1. Diagram of the experiment (not to
scale). A nerve action potential propagates
from proximal to distal (left to right in the fig-
ure). The wide and narrow arrows around the
nerve represent the magnetic and electric
field, respectively; the arrows on the nerve
axis are equivalent dipole sources. Stimula-
tion may be from either electrodes A or B,
with the other or C as recording electrodes.
The toroidal pickup coil is connected to a
large transfer coil around the cylindrical Dew-
ar vessel that contains the SQUID magnetom-
eter and its pickup coil (indicated by dashed
lines) surrounded by liquid helium.

field B can be estimated from Ampere’s
law, in which I is the net axial current
enclosed by a closed path of integration ¢

PBrd=pt
c
where w, is the magnetic permeability of
free space, and the dot (inner) product
between B and dl, the differential ele-
ment that describes c, is integrated over
the complete length of the path.

If the nerve is immersed in a con-
ducting medium, the maximum magnetic
field of 1071 T occurs at the nerve sur-
face (radius r = 0.3 mm), with the num-
bers depending upon the preparation
used. As the distance from the nerve is
increased, an increasing fraction of the
external current returns within ¢, so that
the field at 1 cm is a few picoteslas and
decreases thereafter in proportion to the
inverse cube of the distance (3). The
weakness of the magnetic field, its rapid
falloff with distance, and the required 1-
to 2-kHz bandwidth place the signal at
the limit of detectability of magnetome-
ters used for biomagnetic measurements
@. v

Two groups of investigators have used
large room-temperature coils and con-
ventional amplifiers to obtain signals in-
terpreted as the magnetic field from the
action potential of an isolated frog sciatic
nerve (5). These signals did not exhibit
the expected reversal of polarity upon
reversal of the direction of impulse prop-
agation, and the measurements were
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