
Table 3. Conventional radiocarbon ages, with 1 u statistical counting errors (12) and most probable 
historical ages of charcoal samples from Anza, Yugoslavia, derived in the same manner as for the 
samples listed in Table 2. 

Conventional radiocarbon age (years B.P.) Most 

Arche- Field Labo- La Jolla probable 

cal number ratory Tim historicalt 
stra- number M & B counters UCLA(years 
tum counters or one 

counter B.C.) 

IV VIII 55 2411 6070 ? 190 
XX 190 2329 6210 60 6200 60 5200 

III V 62 2185 6510 110 
L 19 1705 B 6540 ? 120 
VII 191 2345 6540 120 
L 20 1705C 6700 ? 80 6600 t 50 5500 

II VII 117 2344 7000 270 
VII 121 2343 7000 ? 280 
VII 177 2338 6800 ? 140 
VII 122 2337 7080 ? 60 
VII 213,215 2405 6940? 80 
VII 124 2351 7040? 90 
VII 156 2409 6850 ? 50 6900 ? 35 

lb VII 251 2342 7100 ? 80 
VII 240 2339 7110 80 
VII 253 2333 6840 ? 120 
VII 188 2341 7230 ? 170 
VII 256 2332 7110 120 7100 ?40 6000 

Ia V 90-110 3183 7150 50 
V 76-86 3186 7140 70 
V 103-120 3032 7210 ? 50 
VII 257 233011 7170 60 
ViI 1 2181 7270 ? 140 7190 30 6100 

dioxide did not change noticeably between 
6400 and 5800 B.C., the absolute historical 
dates listed in the last column in Table 2 
are obtained. It appears that the earliest 
stratum (Ia) dates from the 65th century 
B.C. Unfortunately, no datable material 
from this stratum was available for mea- 
surements at La Jolla, but the four de- 
terminations [two from the Pennsylvania 
(10) and two from the UCLA (11) labora- 
tories] indicate that it is close to 200 years 
older than the next stage (Ib), which is 
dated by direct comparison with bristle- 
cone pine wood. 

The next younger stages follow in un- 
usually rapid succession, differing in age by 
hardly more than the counting errors. This 
could be due to rapid development, or to a 
drop in A'4C during this period. Such a 
drop would let the older samples appear 
too young by up to 200 years relative to the 
younger ones. Therefore, the possibility 
cannot be entirely excluded that the earli- 
est stages of Achilleion could date from the 
66th or even 67th century B.C. Nothing fi- 
nal, however, can be said as long as no 
wood from this period that has been dated 
by tree rings is available for '4C determi- 
nations. 

The upper strata of the archeological se- 
quence of Achilleion have ages close to 
those of the bristlecone pine samples, and 
therefore A'4C changes cannot affect the 
results. The four stages of period three, 

Illal, IIIa2, IlIb, and IlIc almost cer- 
tainly belong to the 61st and 60th centuries 
B.C. 

The earliest dates from the Anza settle- 
ment (Table 3) are synchronous with the 
end of Achilleion II or the beginning of 
Achilleion ILL. As the cultural and physical 
characteristics of Anza are closely related 
to those of Achilleion, it can be deduced 
that a lapse of about 300 years took place 
as the Thessalian culture spread northward 
into the central Balkans. The 12 radio- 
carbon dates from Anza position its four 
major periods within a chronology of al- 
most 1000 years. In this way, stratigraphic 
data combined with radiocarbon dates 
provide an indispensable yardstick for de- 

termining the chronology of the inland 
portion of the Balkan Peninsula--the for- 
mation and duration of the Starcevo and 
Early Vinca cultures. 
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X-ray Microscopy of Biological Objects with Carbon Ka 

and with Synchrotron Radiation 

Abstract. X-ray micrographs of biological objects have been obtained with a resolution 
better than 1000 angstroms by using poly(methyl methacrylate) x-ray resist and carbon 
Ka or synchrotron radiation. Synchrotron radiation allows short exposure times; storage 
rings especially designed as radiation sources and improved x-ray resists would make ex- 
posure times under I second possible. 

The last few years have seen consid- 
erable effort in lithography to fabricate de- 
vices of smaller and smaller dimensions. 
Scanning electron beam systems (1) can 

generate patterns with line widths of less 
than 0.1 Am. X-ray lithography (2-4) 
promises a cheap replication technique for 
such high-resolution patterns. The well- 
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known technique of x-ray micrography (5) 
is closely related to x-ray lithography, 
but instead of a mask produced by an 
electron beam, the specimen to be investi- 
gated is brought in proximity to an x-ray 
resist, and the resulting x-ray copy of the 
absorption profile in resist is subsequently 
viewed with a scanning electron beam 
system (Fig. 1). The recent advances in 
x-ray lithography make considerable im- 
provements in the quality of x-ray micro- 
graphs possible. Electron synchrotrons 
or storage rings (6, 7) seem to be ideal 
sources for x-ray lithography and microg- 
raphy. They have a higher intensity of 
soft x-rays than any other source and allow 
exposure times that are drastically shorter 
than those obtained with conventional 
sources; furthermore, the radiation is high- 
ly collimated, which eliminates any loss of 
resolution by penumbral blurring. The 
combination of an electron storage ring as 
the x-ray source, an x-ray resist as the de- 
tector, and a scanning electron microscope 
for viewing the resist profile therefore 
promises to provide a powerful technique 
for the study of biological objects. 

In this report, we present some new re- 
sults obtained with this technique. As x-ray 
sources we used both a source of carbon 
Ka radiation [wavelength (A) = 44.8 A] 
and the radiation of the DESY (Deutsches 
Elektronen-Synchrotron) accelerator in 
Hamburg. Shorter exposure times are ob- 
tained with carbon Ka than with the pre- 
viously used aluminum Ka radiation (A = 
8.3 A) (2-5, 8), because carbon Ka radi- 
ation can be generated with high efficiency 
(9) and because the absorption of most re- 
sists increases with wavelength in the x-ray 
range. 

For all experiments with the carbon 
source a 2.5- Mm-thick film of Hostaphan 
(10) was used to support the objects and 
was mounted in front of the resist film in 
such a way that the objects faced the resist 
film. This made it possible to inspect both 
the original objects and their x-ray copy in 
the resist with a scanning electron micro- 
scope. 

In the synchrotron experiments the ob- 
jects were positioned directly on the resist 
surface before exposure and were washed 
off before development. The DESY syn- 
chrotron was operating at an energy of 3.5 
Gev and the synchrotron radiation was re- 
flected from a gold mirror at a glancing 
angle of 40 (11) in order to eliminate the 
hard radiation, which gives very little con- 
trast. 

Some of our results are shown in Fig. 2. 
Figure 2a is an x-ray micrograph of a dia- 
tom obtained with carbon radiation and 
Fig. 2b is a scanning electron micrograph 
of the same object. The x-ray micrographs 
in Fig. 2, c and d, were obtained with syn- 

J X-RAYS 

SPECIMEN 

X-RAY RESIST 
1 SUPPORTING 
I WAFER 

(a) (b) 

Fig. 1. (a) Irradiation of the x-ray resist through 
the specimen. In x-ray lithography the specimen 
is a mask generated by an electron beam. (b) 
The replica after development of the resist. The 
replica can be metallized and examined in a 
scanning electron microscope. In x-ray lith- 
ography the resist is completely removed in the 
fully exposed area, opening up this area for sub- 
sequent device fabrication steps. 

chrotron radiation. The photographs show 
that features with dimensions around 1000 
A have enough absorption to give good 
contrast in the x-ray copy. Figure 2, a and 
b, demonstrates that the x-ray micrograph 
can detect the interior structure of an ob- 
ject, while the scanning electron micro- 
scope shows the surface structure. The 
curve showing the dissolution rate of the 

resist as a function of exposure is known 
and can be used to estimate the absorption 
in different parts of the specimen. We ex- 
pect that replicas obtained with different 
wavelengths can reveal different structures 
in the object, depending on the composi- 
tion of these structures. All our micro- 
graphs were obtained with the specimen in 
a vacuum. However, only minor modifi- 
cations of our exposure station are neces- 
sary to allow exposure in air or helium, so 
that wet samples may be observed. 

The biggest advantage of synchrotron 
radiation for x-ray micrography is the 
drastically reduced exposure time. Ex- 
posure times on the order of seconds can 
be expected with storage rings such as 
DORIS (Doppel-Ring-Speicher) in Ham- 
burg or with dedicated storage rings espe- 
cially designed as sources of synchrotron 
radiation (12). With such dedicated 
sources the effective wavelength can be 
readily changed by changing the energy of 
the electrons in the storage ring. 

With the combination of a dedicated 
storage ring, an x-ray resist, and a scan- 
ning electron microscope it should be pos- 

Fig. 2. X-ray replicas of diatoms (a, c, and d) in x-ray resist obtained with carbon radiation (a) 
and with synchrotron radiation (c and d). (b) Scanning electron micrograph of the object in (a), 
metallized with aluminum after the x-ray exposure. (d) Detail of (c). The x-ray exposure time was 
20 hours with a source-to-specimen distance of 15 cm for (a) and 10 minutes with a distance of 
40 m from the electron orbit of the synchrotron for (c) and (d). The x-ray resist was poly(methyl 
methacrylate). 

19 MARCH 1976 1173 



sible to investigate biological specimens 
with resolutions near 100 A. Improve- 
ments in x-ray resists should eventually 
make exposure times much shorter than 1 
second possible. 
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Microwave Measurement of Mesospheric Carbon Monoxide 

Abstract. Ground-based observation of atmospheric absorption of solar radiation at a 
wavelength of 2.6 millimeters has provided the first measurement of mesospheric carbon 
monoxide. The measurement agrees with photochemical predictions of a carbon monox- 
ide source in the lower thermosphere due to dissociation of carbon dioxide by solar radi- 
ation, and has implications for the magnitude of vertical transport in the mesosphere. 

Photochemical calculations predict that 
CO is produced in the earth's upper atmo- 
sphere by the solar ultraviolet dissociation 
of CO2 (1, 2). We here report detection of 
the J = 0 1 I CO rotational transition at 
a frequency of 115,271.2 Mhz (wavelength, 
2.6 mm) in the solar absorption spectrum. 
This absorption feature is due to CO in the 
earth's mesosphere and lower thermo- 
sphere and is the first experimental con- 
firmation of the photochemical predic- 
tions. It provides a value for the CO col- 
umn density at altitudes above - 65 km 
and information on the CO distribution in 
the altitude region - 40 to 80 km. 

Ground-based microwave radiometric 
techniques like that used here for studying 
the earth's upper atmosphere were first 
suggested by Barrett and Chung (3), and 
are discussed in detail elsewhere (4). These 
techniques have previously been used to 
measure absorption or emission from 
ozone and molecular oxygen in the strato- 
sphere (5). Voronov et al. (6) have also re- 
ported detection of the 115-Ghz CO line in 
the solar absorption spectrum. We are, 
however, suspicious of the measurement of 
Voronov et al., since our analysis indicates 
that it implies a CO mixing ratio in the 
middle stratosphere which is 104 times 
larger than that given by other measure- 
ments (7). 

Our measurements were made on sev- 
eral days in April and May 1975 with the 
4.6-m-diameter millimeter wavelength an- 
tenna and receiver of the Aerospace Cor- 
poration in El Segundo, California (lati- 

tude 34?N, sea level elevation). Measure- 
ments for I day are shown in Fig. 1. Al- 
though our data have not been closely 
examined for variations in the CO signal 
during the several days of measurement, 
no noticeable variation was apparent from 
a cursory examination. The beam width of 
the antenna was 0.1 solar diameter; the 
spectral resolution of the multichannel fil- 
ter bank used with the receiver was 0.25 
Mhz and covered a total bandwidth of 8 
Mhz. The frequency of the observed ab- 
sorption line agrees exactly with laborato- 
ry measurements (8) of the 0 ,1 transi- 
tion frequency of CO, proving that the line 
is due to CO, and the observed elevation 
dependence shows that it originated in the 
terrestrial atmosphere. The pressure- 
broadened half-width of the CO line in the 
atmosphere is - 3 Mhz/mbar, as dis- 
cussed below, and the observed half-width 
of - 0.3 Mhz shows that the absorption 
occurred at pressures lower than - 0.1 
mbar, corresponding to altitudes above 
-65 km. 

The absolute scale for the CO opacity 
ArTCo shown in Fig. I was determined 
from the expression 

'A 
7 B TAemn nBT,,m 

where ATA is the measured antenna tem- 
perature, calibrated by observation of 
sources whose temperatures are known; 
To (-70000K) is the 2.6-mm brightness 
temperature of the sun, based on the data 
compiled by Linsky (9); n,, is beam effi- 

ciency ( 0.78) calculated for the Aero- 
space antenna when observing the sun at 
2.6 mm; m is air mass; and T is opacity 
at zenith of the lower atmosphere. (Ther- 
mal emission by the atmospheric CO adds 
another term in the denominator of Eq. 1, 
but this term is negligible.) The value of T 

at the time of the measurement of Fig. I 
was determined to be 0.6 by observing the 
dependence of solar intensity with air 
mass. The difference in the values of T cor- 
responding to the two sidebands of our 
double-sideband receiver was approxi- 
mately a factor of 2, based on our calcu- 
lations and the data of Ulich and Haas 
(10), and was accounted for in determining 
r. We estimate the uncertainty in the abso- 
lute scale in Fig. 1 to be 10 percent. 

The column density of CO above - 65 
km can be deduced from the measured 
absorption feature. The absorption co- 
efficient k, of this CO transition, within 
the range of atmospheric temperatures and 
frequencies v sensed in our measurement, 
is 

k, - 7.4 x 1O-, Nco fl,) cm-' (2) 

which can be obtained from standard ab- 
sorption coefficient expressions and the 
known CO molecular parameters [for ex- 
ample, see (11)]. In Eq. 2 NCO is the CO 
number density in molecules per cubic cen- 
timeter, T is temperature in , K, and f(v) is 
the line shape function in seconds, normal- 
ized such that f f(v)dv = 1. Integration of 
Eq. 2 over frequency and the observation 
path yields for the CO column density 

f Ncodl = 1.4X 1 08 < T2 > f T,dv (3) 

where f Ncodl is in molecules per square 
centimeter, <T2> is the average squared 
temperature of the absorbing CO mole- 
cules, r, = fkdl is the opacity at frequen- 
cy v, and fT ,dv is in reciprocal seconds. 
The measured value of fTJlv correspond- 
ing to a zenith observation is (1.8 + 0.2) 
x 103 sec-', which yields for the CO verti- 
cal column density above - 65 km 

fNcodh = (1.0+ 0.3) x 1016cmM2 
h>65 km 

where h is altitude. The uncertainty in the 
CO column density is due to the - 10 per- 
cent uncertainty in measurement accuracy 
and to the uncertainty in the temperature 
of the absorbing CO, which was assumed 
to be 2000 + 250K, based on rocketsonde 
temperature data up to 70 km in altitude 
(obtained from the Point Mugu rocket- 
sonde station 50 km northwest of the 
measurement location) and on model at- 
mospheres above '10 km. 

The shape of the absorption line pro- 
vides information on the vertical distribu- 
tion of CO. Below 75 km collisional line 
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