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made elements is somewhat surprising. 

Americium, atomic number 95, is a 
member of the actinide series of ele- 
ments in which all members above 92 are 
man-made. Our recent tests with single- 
phase, double-hexagonal-close-packed 
(dhcp) samples of Am all showed onsets 
of superconductivity between 0.79 K and 
0.55 K. One sample with only the high- 
temperature face-centered-cubic (fcc) 
structure present showed an onset at 
1.05 K. Samples containing mixtures of 
these two structures seemed to show the 
lowest transition temperatures, but ex- 
perimental difficulties made the inter- 
pretation difficult. 

Previous studies on americium metal 
(I) have shown that both a low-temper- 
ature (c 700?C) dhcp form and a high- 
temperature fcc form exist. The fcc form 
can be retained at room temperature by 
quenching the metal from high temper- 
atures. In 1971, Hill (2) noted that Am 
might become superconducting in view 
of its similarities to La, although it 
seemed unlikely. In 1975, Johansson 
and Rosengren (3) predicted a super- 
conducting transition temperature of 2 to 
4 K on the basis of their parameter- 
ization of trends in properties among the 
4f and Sf electron elements. At approxi- 
mately the same time, the resistivity of 
Am from room temperature down to low 
temperatures was being measured (4, 5). 
As a result, possibly, of the prediction by 
Johannson and Rosengren, the studies 
were continued to about 2 K to look for 
superconductivity. None was seen. 

Recently, the availability of multi- 
milligram quantities of very pure 243Am 
led to our tests for superconductivity to 
temperatures well below 2 K. The use of 
the 243 isotope, as opposed to the 241 
species, reduced significantly the heat 
generated by the radioactivity (6.3 as 
compared to 115 mW/g), making the 
cooling problems less severe. 
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Our Am samples were prepared by re- 
ducing pure AmO2 with Th metal, then 
distilling and condensing the more vola- 
tile Am metal on cooled quartz or tan- 
talum receivers. We distilled most of the 
preparations a second time. The five dif- 
ferent products were examined by spark- 
source mass spectrometry and, except 
for one of the products, the total impu- 
rities (excluding hydrogen, nitrogen, and 
oxygen) ranged from 50 to 240 ppm. 
Background corrections were not made, 
and thus these levels represent maxi- 
mums. 

The product exceeding these limits 
contained Yb at 2000 ppm as an addition- 
al impurity. The Yb was introduced 
through distillation equipment previ- 
ously used for Yb even though the equip- 
ment had been acid-leached afterward. 
The presence of the Yb did not clearly 
affect the superconductivity of the Am. 

We detected the superconductivity by 
measuring the a-c susceptibility of the 
samples in two different cryostats. The 
first was a 3He system, capable of tem- 
peratures just below 0.4 K, in which we 
cooled the bare samples by submersion 
in liquid 3He. Here we put the samples in 
one of two copper coils that were oper- 
ated at their resonant frequencies (100 to 
1000 Hz) while forming parts of two legs 
of an a-c bridge. We could move the 
samples, and their Bakelite basket, in 
and out of these coils during the mea- 
surements as a check against back- 
ground effects. 

The second cryostat was a 3He-4He di- 
lution refrigerator capable of temper- 
atures from above 4 K to below 11 mK 
when operated without radioactive sam- 
ples. In this system we placed the sam- 
ples, and a bit of vacuum grease, in cop- 
per and beryllium-copper holders since 
better cooling is observed by additional- 
ly making electrical contact between the 
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samples and their colder surroundings 
than is seen by simple submersion in liq- 
uid helium. In the dilution refrigerator, 
loaded and empty dummy holders were 
placed in opposing secondary coils lo- 
cated within a large primary coil which 
applied an a-c magnetic field. We ex- 
tracted the a-c susceptibility from these 
secondaries with a lock-in amplifier. In 
the dilution refrigerator we could not 
move the samples in and out of the coils 
without warming the system to room 
temperature. However, previous work 
with other superconducting samples of 
various sizes and shapes, as well as cor- 
relations with higher-temperature 3He 
data give us confidence in the Am re- 
sults. With radioactive samples, the need 
to confine contamination in the dilution 
refrigerator dictates that new holders 
must be used for each run. Occasionally 
magnetic behavior in the BeCu parts of 
the holders is seen and obscures the de- 
tection of superconductivity in the sam- 
ples. 

X-ray analysis of all samples before 
and after the low-temperature runs (6) 
showed that the sample structures were 
either single-phase dhcp, single-phase 
fcc, or mixed fcc and dhcp. The single- 
phase fcc structure (high-temperature 
form) was obtained because the thin 
depositions (5 to 10 ,um thick) were col- 
lected on a cold receiver, which effected 
a quench. 

It should be noted that radioactive su- 
perconductors often exhibit somewhat 
strange behaviors as a consequence of 
their self-heating coupled with the fact 
that materials have a drop in thermal 
conductivity associated with their super- 
conducting transitions. The most obvi- 
ous consequence of this is an increased 
temperature width of the supercon- 
ducting transition. This arises because it 
is more and more difficult to cool the 
center of a sample as the interface with 
the superconducting outer region moves 
inward from the surface with decreasing 
temperatures. This increased width sug- 
gests, for superconducting radioactive 
materials, the assignment of T, (transi- 
tion temperature) to the intersection of 
the high-temperature base line with the 
extrapolation of the linear portion of the 
plot of susceptibility as a function of 
temperature. The conventional assign- 
ment of T, as the temperature of the cen- 
ter of the transition would result in an 
unrealistically low Tc for Am. For some 
materials, full transitions can never even 
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A second, less obvious, phenomenon 
is oscillatory superconductivity. This 
was first reported by Olsen (7) but clear- 
ly occurs more generally than he dis- 
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cussed. In this situation, the center of 
the sample actually heats above its pre- 
vious equilibrium temperature when the 
outer portion goes superconducting and 
thus causes the fraction of normal metal 
near the center to increase. This can in 
turn lower the temperature at the center. 
This mechanism can lead to observation 
of large-magnitude oscillations in the a-c 
susceptibility. We can minimize this ef- 
fect by using thin samples and cooling by 
metallic contact. However, when it does 
occur, this effect is useful in demonstrat- 
ing bulk superconductivity in the radio- 
active material. 

All the Am samples with the dhcp 
structure showed onsets of supercon- 
ductivity between 0.79 and 0.56 K, 
where this range of temperatures is likely 
due more to the various temperature gra- 
dients in differing sizes and shapes of 
samples caused by the self-heating as 
compared to such things as variations in 
sample purity. The sample with the 0.79 
K onset showed superconducting oscilla- 
tions in the 3He cryostat but no oscilla- 
tions in the dilution refrigerator. The 
center of its superconducting transition 
was at 0.41 K, and it was completed at 
0.17 K. In contrast, the single sample of 
single phase fcc structure showed an on- 
set at 1.045 K, a midpoint at 0.96 K, and 
leveling off about at 0.64 K. These thin 
flakes showed no evidence of oscillatory 
behavior. Samples taken from the prod- 
ucts that were a mixture of both metal 
phases and consisted of extremely thin 
platelets (2 to 5 ,um) showed either an 
onset of superconductivity near 0.5 K or 
none at all in the 3He cryostat. Our at- 
tempt to run these extremely thin plate- 
lets in the dilution refrigerator failed the 
first time because of a magnetic piece of 
beryllium-copper and the second time 
because the Am metal had deteriorated 
into a black powder. This powder is pre- 
sumably due to the extended exposure of 
the active metal to air and to vacuum 
grease. The depressed Tc's of the mixed 
phase materials might be due to the pres- 
ence of Am atoms that possess a magnet- 
ic moment. The f6 configuration is a 
somewhat fragile occurrence, and any- 
thing that disturbs the valence of a few 
atoms will give those atoms a magnetic 
moment. 

Thus superconductivity was detected 
in many different samples from four of 
the five preparations. The fifth prepara- 
tion showed uncertain results. Clearly 
dhcp Am becomes superconducting at 
about 0.79 K, and fcc likely becomes 
superconducting at a higher temper- 
ature. With regard to the occurrence of 
superconductivity in Am, which is sur- 
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rounded in the periodic table by non- 
superconductors, it is obvious to draw a 
comparison to lanthanum which is also 
superconducting. The superconductivity 
is clearly somewhat similar in La and 
Am in spite of major differences in theirf 
electron nature. Americium and La met- 
al exhibit several similarities. Both met- 
als are considered trivalent, have the 
same types of crystal structures, have 
similar metallic radii, and have no mag- 
netic moments. 

An important point of comparison for 
our purposes is the lack of a magnetic 
moment. In La this occurs because there 
are no localizedf electrons. In Am, there 
are localizedf electrons, but their unique 
f6 configuration is nonmagnetic by either 
Hund's rules or jj coupling (8). Thus 
these elements both lack a magnetic mo- 
ment but for different reasons. The ex- 
perimental evidence for nonmagnetic 
behavior in Am has been reviewed by 
Nellis and Brodsky (9). The lack of mag- 
netism and the possibility of super- 
conductivity in Am was also shown by 
Hill et al. (10) who demonstrated that the 
Tc of La is not depressed when small 
amounts of Am are alloyed with it, in 
contrast to La alloys made with Np and 
Pu. 

A final and very convincing argument 
for nonmagnetic and lanthanide-like be- 
havior of Am is the entropy correlation 
work of Ward and Hill (11), who corre- 
lated electronic properties with metallic 
radii, magnetic transformations, and 
thermodynamics of vaporization. These 
correlations were developed from their 
observation that the magnetic entropy of 
a localized spin system must be included 
in calculations of entropies for solid, liq- 
uid, and gaseous systems. From these 
relations Ward and Hill were able to ex- 
plain the trends in behavior of the phys- 
ical properties among the rare earths and 
heavier actinides, and they have con- 
cluded that Am is trivalent and non- 
magnetic. 

The difficulty with dwelling on the sim- 
ilarities between La and Am is that it 
leads to generalizations to other ele- 
ments. Schenkel (4) used the La Tc's of 
4.9 K and 6.05 K for the dhcp and fcc 
structures to estimate Am T,'s of 0.6 K 
and 2 K by comparing the Debye temper- 
atures, the density of states at the fermi 
level, and the electron-phonon inter- 
actions for the two elements. This pre- 
diction thus seems to work for Am but 
the very same analysis applied to the 
similarly trivalent and nonmagnetic ele- 
ments Sc, Y, and Lu leads to the incor- 
rect conclusion that they would be su- 
perconducting. It appears that Johans- 

son and Rosengren (3) might be con- 
fronted by the same problem of pre- 
dicting superconductivity in non- 
superconducting trivalent metals. 

This sort of difficulty requires the usu- 
al conclusion that felectrons must play a 
beneficial role for the superconductivity. 
This viewpoint for La is reviewed by 
Gladstone et al. (12), and it should now 
be taken to include Am. In this context, 
the difference in thef electron nature of 
La and Am must not be forgotten. For 
La, the only f-like behavior is due to 
virtual states above the Fermi level. In 
contrast, for Am there must be contribu- 
tions from the localized electrons whose 
energies must lie near to the Fermi level. 
This is not surprising since 5f electrons 
are far less buried inside their atoms than 
are 4f electrons. Thus, the supercon- 
ductivity in La and Am is similar in 
that both probably require thef electron 
character to be present since other tri- 
valent elements with nof electron char- 
acter are not superconducting. Further- 
more, the rather different electronic 
structure of La and Am still leads to very 
similar superconducting properties. 

At first glance, the superconductivity 
of Am is a bit surprising. It is by far the 
most isolated superconductor in the pe- 
riodic table. However, it must be em- 
phasized that its superconductivity is 
allowed by its special nonmagnetic 
ground state. This result, taken with the 
seemingly different case of La, should 
provide insight into superconductivity in 
the 4f and 5f electron metals. 

JAMES L. SMITH 
Los Alamos Scientific Laboratory, 
Los Alamos, New Mexico 87545 

RICHARD G. HAIRE 
Oak Ridge National Laboratory, 
Oak Ridge, Tennessee 37830 
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Fluorinated analogs of biologically sig- 
nificant organic molecules have proved 
to be extremely valuable biochemical 
and pharmacological agents. Substi- 
tution of fluorine for hydrogen intro- 
duces no serious steric alteration into the 
molecule, and the fluorinated analog fre- 
quently is recognized as its natural rela- 
tive by enzymes, receptors, or transport 
systems (1). Continued synthetic activity 
in the area of organofluorine chemistry, 
which has provided a wide variety of 
fluorinated organic molecules, reflects 
the importance of these analogs (2). 

In theory, fluorine associated with an 
organic molecule should provide an ex- 
cellent tracer for determining at an ultra- 
structural level the distribution within 
the cell of a number of soluble com- 
pounds of importance in cellular func- 
tion. Virtually no fluorine is present in 
cells under normal circumstances, and 
the substituent often allows an intra- 
cellular disposition mimicking that of the 
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parent compound. This potential appli- 
cation of fluorinated compounds has 
been seriously hampered, however, by 
the lack of a suitable method for local- 
izing fluorine inside cells. Conventional 
x-ray microanalysis systems, for ex- 
ample, are relatively insensitive to fluo- 
rine (3). We report that electron energy- 
loss spectroscopy, which we have uti- 
lized to localize a fluorinated analog of 
serotonin (5HT) sequestered intracellu- 
larly in human platelets, appears to pro- 
vide a sensitive and specific method for 
the detection of fluorine in biological sys- 
tems (4). 

4,6-Difluoroserotonin (DF5HT) was 
synthesized by a method described else- 
where (5). The tritiated compound was 
prepared by acid-catalyzed decarbox- 
ylation of 4,6-difluoro-5-methoxytrypt- 
amine-2-carboxylic acid in tritiated wa- 
ter (5 Ci/ml), followed by demethylation. 
The intracellular disposition of tritiated 
DF5HT was compared with that of tri- 
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tiated 5HT in human platelets by use of 
brief thrombin treatment and formal- 

dehyde fixative to evaluate the amount 
of labeled material in the thrombin-re- 
leasable (vesicular) and non-thrombin- 
releasable (cytoplasmic) compartments 
of washed platelets (6-8) (Table 1). Al- 

though there are some differences in the 
behavior of the two compounds (9), com- 
parable amounts of [3H]DF5HT and 
[3H]5HT enter platelet vesicles and cyto- 
plasm at all time points and concentra- 
tions. Thus the intracellular sequestra- 
tion of [3H]DF5HT can provide a useful 
index for the compartmentation of 
[3H]5HT. 

Before electron microscopy, platelets 
were incubated for 60 minutes with an 
initial concentration of 10-5M[3H]- 
DF5HT. When measured with thrombin 
and fixative as described above, cells 
contained on the average 1.9 x 10-17 
mole per platelet of [3H]DF5HT in a 
vesicular compartment and 0.2 x 10-17 
mole per platelet in a cytoplasmic com- 
partment. After incubation, platelets 
were air-dried by rapid blotting on cop- 
per grids coated with collodion and car- 
bon, a procedure employed previously 
to analyze the content and distribution 
of platelet dense bodies (6, 7, 10, 11). 
Grids were examined at 100 kV in a 
JEOL JEM-100B electron microscope 
equipped with a scanning attachment, an 
electron spectrometer, and a Kevex mul- 
tichannel analyzer (12). As imaged by 
utilizing all the transmitted electrons in 
the scanning-transmission electron mi- 

croscopy (STEM) mode (spot size, 10 
nm2), most platelets contained dense 
bodies, which appeared dark because of 
their high calcium content and total scat- 
tering power (6, 7, 10, 11). Energy-loss 
spectra obtained from dense bodies 
probed with a 10-nm2 stationary spot 
showed large fluorine ionization edges at 
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Fig. 1. Energy-loss spectra recorded from various portions of a platelet incubated with DF5HT. The region corresponding to an average loss of 
680 eV (characteristic of fluorine K-shell ionization) is marked with a bar. The analysis system compensates for differences between the numbers 
of zero-loss and 680 eV-loss electrons by increasing the gain of the photomultiplier tube as the electron beam is scanned from zero loss to 680 eV 
loss. Thus, the breaks in the spectra at approximately 100-eV intervals represent points at which the gain of the photomultiplier tube was 
increased. Regardless of gain at 680 eV, the integral area of the peak rising above the descending curve of the background contribution is 
approximately proportional to the number of fluorine molecules interacting with the incident electron beam. (A) Spectrum recorded from a dense 
body. A prominent absorption edge for fluorine is present. (B) Spectrum from the cytoplasmic apron (organelle-free region) of a platelet. A small 
fluorine edge is present. (C) Spectrum from the supporting film immediately adjacent to the platelet. A very small fluorine edge is present. 
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Fluorinated Molecule as a Tracer: Difluoroserotonin in Human 

Platelets Mapped by Electron Energy-Loss Spectroscopy 

Abstract. The intracellular distribution of fluorine has been delineated in human 

platelets incubated with 4,6-difluoroserotonin, utilizing a scanning-transmission 
electron microscope equipped with an energy-loss spectrometer. Discrete intra- 
cellular structures corresponding in location to dense bodies contained high concen- 
trations offluorine. Electron energy-loss spectroscopy, which apparently can detect 
less than 10-20 gram offluorine in an area of 10 square nanometers, can thus localize 
fluorinated tracer molecules with biological activity. 
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