maining phases also had distinct onsets
but signal-to-noise ratios of < 2:1).
Since many of these phases had travel
paths entirely within portions of the
northwestern Pacific Basin already
known to have an 8.3-km/sec waveguide
(shaded area of Fig. 1), two major wave-
guides seem to be suggested for this part
of the Pacific. Concerning the possible
presence of the 7.8-km/sec phase for dis-
tances less than 30°, it seems reasonable
that this phase would begin to make its
appearance as the 30° distance is ap-
proached. Unfortunately, the only data
available in the distance range of 19° to
30° were recorded on low-speed, rectified
power level recordings of hydro-
phones. Later arriving phases on these
recordings are extremely difficult to
evaluate (6). A

Although data relevant to the exis-
tence of a waveguide in the North Pacific
comparable to the northwestern Pacific’s
8.3-km/sec waveguide do not exist (be-
cause of a lack of stations at appropriate
epicentral distances), worldwide obser-
vations suggest that such a waveguide
should be present for that area as well as
for large areas of the South Pacific. At
this time, the extension of a dual wave-
guide hypothesis to the South Pacific,
however, would not be reasonable since
the 7.8-km/sec waveguide for this region
would be based on only two poorly re-
corded phases at Easter Island.

Propagation of the 8.1- to 8.3-km/sec
phase has generally been thought to oc-
cur along a discontinuity surface or with-
in a waveguide which is close to the
Mohorovicic discontinuity. Recently, ex-
planations involving thin high-velocity
layers have been proposed for this wave-
guide, as well as for additional upper
mantle waveguides suggested by long-
range seismic refraction observations in
France (7). Such explanations may also
be applicable to the suspected 7.8-km/
sec waveguide reported here.

Having now obtained evidence for
high-frequency guided phases to dis-
tances well in excess of 3300 km (per-
haps to 7600 km), it is my hope that the
thought expressed in the following state-
ment will receive additional, well-de-
served attention: ‘‘It will be the chal-
lenge to both explosion and earthquake
seismology for the coming decade to find
an answer to the question of how P and §
transmission can occur within the lower
lithosphere over distances of more than
1000 km with nearly constant velocity of
first arriving energy”’ (8).

DANIEL A. WALKER
Hawaii Institute of Geophysics,
University of Hawaii, Honolulu 96822
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High-Resolution Soft X-ray Microscopy

Abstract. X-ray micrographs of biological materials have been obtained with a
resolution better than 100 angstroms by using x-ray resist as the recording medium.
A high-resolution scanning electron microscope with a short-focal-length final lens,
operating in the '‘low-loss’’ mode, is used to make the smallest features in the x-ray

replica visible.

A resolution better than 1000 A has re-
cently been demonstrated by soft x-ray
contact micrography by using polymeth-
yl methacrylate (PMMA) resist for re-
cording and a scanning electron micro-
scope (SEM) for magnified viewing of
the resist replica (/). We present here
some new results which demonstrate a
resolution better than 100 A.

In PMMA breaking of bonds reduces
the molecular weight and increases the
dissolution rate in a proper solvent (2).
Development in this solvent produces a
relief replica of the object, where the
higher elevations correspond to a higher
absorption of the specimen. The limit of
the resolution of an x-ray resist is the ef-
fective range & of secondary electrons
which are produced in the resist by soft
x-ray absorption (3). Measurements
have shown that this range increases lin-
early with the energy E of the incident x-
rays and that a value 8 ~50 A is ob-
tained for carbon Ka (E = 277 ev) x-rays
4). The highest resolution to be ex-
pected is for the wavelength range
around 50 A. For shorter wavelengths
(higher energies) the resolution de-

creases because of the increasing range
of secondary electrons; for longer
wavelengths the resolution decreases be-
cause diffraction effects become domi-
nant.

For our high-resolution experiments
we have used carbon Ko radiation
(wavelength X = 44.8 A) and radiation
from the DESY synchrotron in Ham-
burg, which was operating at an electron
energy of 7 Gev and a current of 5 ma.
The spectrum of the DESY synchrotron
radiation was modified by reflecting it
from a gold mirror at a glancing angle of
4° to eliminate the hard radiation with
A < 25 A. The effective exposure spec-
trum of the resist under this condition
extends from about 30 to 44 A (5).

Figure 1 shows a scanning electron mi-
crograph of the resist replica obtained
from a section of a salivary gland
chromosome of Drosophila with carbon
Ka radiation. The micrograph was ob-
tained in a commercial SEM, and the fin-
est details visible correspond to the reso-
lution of this instrument (~ 250 A).

Figure 2 shows the x-ray images of a
section of the retina pigment epithelium
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of the frog Rana catesbeiana. Ocular tis-
sue from light-adapted frogs was imme-
diately fixed after enucleation in 3 per-
cent glutaraldehyde (10 hours) in 0.1M
cacodylate buffer (pH 7.4). Tissues were
washed in 0.1M cacodylate buffer, post-
fixed for 1 hour in 1 percent osmium
tetroxide in 0.IM cacodylate buffer,
washed in distilled water, dehydrated in
acetone, embedded in plastic (Epon
812), and sectioned on a diamond knife.
The sections, which were 700 to 900 A
thick, were placed in a droplet of water
on a resist-coated silicon wafer and the
specimen was heated to dryness. The
sections were stained for 90 seconds
with a continuous flow of 2 percent aque-
ous uranyl acetate. Synchrotron radia-
tion from DESY was used for the expo-
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Fig. 1 (left). Soft x-ray replica of part of a chromosome from the salivary gland of Drosophila in
x-ray resist (PMMA). The exposure was about 10° joule/cm?® (16 hours) with carbon Ka radiation

(A = 44.8 A). The resist was developed in 1 : 1 mixture of methyl isobutyl ketone and isopropa-
nol for 1 minute. This is a scanning electron micrograph made with a conventional SEM at a
60° viewing angle. Fig. 2 (above). Soft x-ray replica obtained from a thin plastic-embedded
section of frog retinal pigment epithelium. The exposure was made with synchrotron radiation
from DESY with an effective wavelength region A = 30 to 44 A. The exposure dose was about
10* joule/cm?®, the exposure time was 15 minutes, and the distance between the sample and
the point of emission was 40 m. (a) This micrograph, taken in a commercial SEM, shows
elliptical protuberances which are representative of melanin granules from frog retina pigment
epithelium. (b) In this high-resolution low-loss micrograph of a melanin granule from a frog
retina pigment epithelium cell, ultrastructural details can be clearly seen which measure less

than 100 A. The marker represents 1000 A in (a) and (b).

sure. The SEM image in Fig. 2a was ob-
tained with the conventional SEM. An
SEM with a short-focal-length final lens
and a LaB, cathode was used to obtain
Fig. 2b (6). In this microscope the low-
loss imaging method (7) is used, in which
the image is formed by collecting high-
energy electrons scattered from the
sample surface, rather than the low-ener-
gy secondary electrons which are used in
the conventional SEM. This results in a
higher sensitivity to small changes in the
surface topography and gives better con-
trast than is obtainable with convention-
al SEM’s.

Structures with dimensions below 50
A are visible in Fig. 2b. Some of the fin-
est structures visible may be partly due
to the metallization process (the resist is
coated with a thin Au-Pd (60 : 40) film to
make the surface conductive for the
SEM inspection), but it is obvious from
Fig. 2b that a resolution of at least 100 A
was obtained in the x-ray microscopy
process.

We conclude that PMMA resist has a
resolution which is better than 100 A and
has enough contrast to make features
with these dimensions visible. A high-
resolution SEM of the type used to pro-
duce Fig. 2b is preferred for viewing the
resist surface when high resolution is de-
sired. The resolution obtained is very
close to the resolution limit of organic re-
sist films, which is determined by the
range of secondary electrons and by the
resolution limit due to diffraction in re-
sist.

The photographs shown are two exam-

ples of the objects investigated so far.
Others include heart of chick embryo
cells, monkey retina sections (8), mouse
and guinea pig brain sections, and tissue
cultures of human central nervous sys-
tem tumors (9). Many details of the
structures in our micrographs have not
been seen by any other method.
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