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Fig. 4. (A) Plot of intensity of a first-order
diffraction spot as a function of temperature T of
the surface. -Under atmospheres of different
relative humidities, the surface shown in Fig. 3A
was cooled or warmed, and the intensity of a
first-order diffraction spot was monitored with a
UDT-Silicon photodiode (United Detector Tech-
nologies, Irvine, California). The solid points
were measured as the sample was cooled (0.5°
to 1°C per second), and the open points were
measured as the sample was warmed (1° to
2°C per second). (B) The intercepts on the T
axis of lines fit to the rising and falling portions
of the curves shown in (A) are linearly related to
the relative humidity.

ple was cooled or warmed, and its temper-
ature was monitored with a thermocouple.
The quantitative change in intensity as a
function of sample temperature for a first-
order diffraction spot under atmospheres
of different relative humidities is depicted
in Fig. 4A (9). In all cases, as the temper-
ature of the surface decreased, there was
initially a slow rise in intensity (not visible
in Fig. 4A), followed by a rapid rise. As
the sample was cooled further, the water
droplets began to bridge across the hydro-
phobic regions, and a decrease in intensity
was observed (not shown). The warming
curves exhibited significant hysteresis from
the cooling curves. This hysteresis may be
due to several factors. During cooling, the
surface temperature must be low enough
for nucleation of droplets to occur. During
warming, the dewetting process is depen-
dent on factors such as the local humidity
near the surface and the surface-to-volume
ratio of the drops as their size changes. In
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addition, advancing and receding contact
angle measurements on surfaces of SAMs
exhibit considerable hysteresis, reflecting
the different factors that control wetting
arid dewetting (10).

Figure 4B shows linear relations between
relative humidity (over the range from 48
to 58% at 25°C) and the intercept on the
temperature axis for a line fit through the
rapidly rising portion of the cooling curves
and the rapidly decreasing portion of the
warming curves. These data demonstrate
that diffraction from these systems of pat-
terned SAMs is very sensitive to relative
humidity and suggest the use of these sys-
tems as sensors for humidity and other
environmental factors. In addition to dif-
fraction in a reflective geometry, these sys-
tems also produce diffraction in a transmis-
sion geometry. The use of semitransparent,
thin (100 to 300 A) gold films, deposited
on glass slides (11), allowed diffraction from
condensation figures to be observed for
incident beams that were transmitted
through the condensation figure.

These studies demonstrate the utility of

regularly patterned SAMs as diffracting sys-
tems with which to analyze and use CFs.
The ability to change the size, shape, and
chemical composition of multiple arrays of
spots simultaneously and independently,
and to study the diffraction of light from
them as a function of properties—the vapor
pressure of condensable vapors, tempera-
ture, and concentrations of materials that
might adsorb from solution or suspension—
of the environment surrounding the surface
that influence their reflectivity make these
systems highly flexible tools with which to

study phenomena in surface science (12).
Their versatility, and the ability to use
optical methods for assay, may provide ad-
vantages in designing sensors that are not
practical with other techniques. In addi-
tion, this very sensitive method of charac-
terizing CFs will be useful in studying the
process of nucleation and formation and
breakup of thin films.
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Fluorescent X-ray Interference
from a Protein Monolayer

Yuji C. Sasaki,* Yoshio Suzuki, Tadashi Ishibashi

Fluorescent x-ray interference patterns have been observed from monolayers of both a
metal-containing protein (ferritin) and a nonmetal-containing protein [bovine serum albumin
(BSA)] bound on a gold substrate: These interference patterns have been used to deter-
mine structure data. The nonmetal-containing protein was first reacted with metal ions by
means of a chelate compound to place the necessary chromophore in the molecule. The
size of the ferritin core measured by a scanning electron microscope agrees with the value
obtained from the x-ray interference experiments. In the BSA molecule, the measured
interference fringe is consistent with the model in which the short axes of BSA molecules

are perpendicular to the surface substrate.

As early as in 1934, Kossel (1, 2) observed
the interference effects of characteristic
x-rays within single crystals. Hutton et al.
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(3) discussed the phase information from
the Kossel cone analysis of a perfect crystal.
We have observed an interference pattern
of fluorescent x-rays in noncrystalline me-
dia (4).

Fluorescent x-rays from a source atom
above a substrate can take two optical paths



(Fig. 1): direct emission and emission total-
ly reflected from the substrate surface. In-
terference fringes can be clearly observed
when the take-off angle (8,) for fluorescent
x-rays is smaller than the critical angle (6,)
for the total reflection of fluorescent x-rays
because x-ray reflectivity is nearly 100%.
The path difference between the two emis-

Direct emission

Reflected
emission

R R R R L T R B R R R i R

sions is 2z sin 0, where z is the distance of
an emitting atom from the substrate. Thus,
z may be determined from the oscillation
period of interference fringes.

We applied this method to noncrystal-
lized protein monolayer membranes con-
taining labeling metal atoms. Our model
samples are iron atoms in ferritin cores and
zinc-labeled BSA molecules. Such experi-
ments are a means of determining impor-
tant structural information.

The nonmetal-containing protein, BSA
(Sigma), was first reacted with the cyclic

Source atom

anhydride of diethylenetriaminepentaacetic
acid (DTPA-anhydride) (5) and then la-
beled with zinc atoms. The ferritin (Sigma)
and DTPA-BSA proteins were put on a
polydiacetylene-coated (6) gold substrate
by the Langmuir-Blodgett (LB) method.
The protein molecules were electrostatical-
ly adsorbed in a monolayer form by the

z

Fig. 1. lllustration of the principle of fluorescent
x-ray interference between a direct and a totally
reflected fluorescent emission; zis the distance
between the substrate and the atom excited by
the primary x-ray beam and 6, is the take-off
angle of fluorescent x-rays.

B
\ DTPA
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Fig. 2. Structure model of the protein monolayer. (A) Ferritin monolayer; (B) BSA monolayer, created
by reaction with zinc-labeled DTPA-anhydride; zis the distance between the gold substrate and the
position of the maximum peak in the distribution of the metal atoms, and 2¢ is the distributed width
for z. The DP solvent (0.5 mg per milliliter of chloroform) was spread on the surface of the subphase
containing a 0.5 M acetate buffer at room temperature (pH 6.0). The proteins were suspended in the
subphase and incubated at room temperature for about 1 hour. The protein-DP layer was
transferred to the substrate at 20 to 25 mN/m by the horizontal dipping method. The gold substrate
was coated with polydiacetylene (poly-dibutyl-4,17-dioxo-5,16-dioxa-3,18-diaza-9,11-eicosadiyne-
dioate). Finally, the transferred protein LB film was rinsed with ultrapure water. The BSA protein was
prepared as follows: 1 mg of DTPA-anhydride (Dojindo, Kumamoto, Japan) was added to 1 ml of
BSA solution (20 mg per milliliter of 0.1 M Hepes buffer at pH 6.0). This solution (DTPA-BSA) was
dialyzed overnight against a 0.5 M acetate buffer at 4°C. As a result of free amino groups
defermination (72) with 2,4,6-trinitrobenzen esulforic acid, 30 to 40% of the free amino groups in the
BSA were labeled by DTPA-anhydride. A 1:1 mixture of the labeled BSA solution and ZnCl,, solution
(4.2 mg per milliliter of 0.5 M acetate buffer at pH 6.5) was dialyzed overnight against the 0.5 M
acetate buffer (1 liter) at 4°C. The labeling of zinc atoms was confirmed by the inductively coupled
plasma method to be 40 to 50%. Without the DTPA process, only a small percentage of the BSA
molecules were labeled with zinc atoms.

Fig. 3. Experimental apparatus for FXI mea-
surement [BL-8C2 branch beam line in the
National Laboratory for High Energy Physics
(KEK) Photon Factory, 2.5-GeV storage ring].
The synchrotron radiation (SR) was linearly
polarized in the horizontal plane and mono-
chromated with a pair of Si (111) crystals
passed through an ionization chamber. A slit
100 wm high and 6 mm wide was used to
narrow the incident x-ray beam. Fluorescent radiation was measured perpendicular to the plane of
the primary beam to minimize elastic background radiation. The angular distribution of the
fluorescent x-rays was monitored with a pure-Ge detector (an energy dispersive detector) and with
aslit (50 wm high and 12 mm wide, 200 mm from the sample) to determine 6,. The angular resolution
was less than 0.5 mrad in the measured region.
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REPORTS

positively charged LB monolayer [1-doco-
sylpyridinum bromide (DP)] at the air-wa-
ter interface (Fig. 2). In our experimental
setup (Fig. 3), the primary beam was fixed
to the glancing angle (,), where the total
intensity of the fluorescent x-ray was max-
imum (4).

As seen in the fluorescent x-ray interfer-
ence (FXI) pattern of iron Ka (Fig. 4A)
from ferritin cores and zinc Ka (Fig. 4B)
from the labeled BSA, there are two fringes
below 14 mrad. In the theoretical FXI
pattern, we modeled three homogeneous
media—air, LB film containing the mono-
layer of the protein, and gold substrate—as
stratified media (Fig. 2). The propagation
of fluorescent x-rays in a stratified media (7)
can be obtained on the basis of both reci-
procity and the optical electromagnetic
wave solution of Maxwell’s equations on
each interface. Thus, the angular distribu-
tion of the fluorescent x-rays can provide
very precise information about the atomic

Fluorescent x-ray intensity (counts/200s)

6, (mrad)

Fig. 4. (A) The iron Ka FXI pattern from the
ferritin and (B) the zinc Ko FXI pattern from the
DTPA-BSA. The amplitude of the calculated FXI
pattern (solid line) was normalized to the inten-
sity of the experimental FX| pattern (dots). The
theoretical estimate for the normalized yield
was calculated from the values of 1 — (the
complex refractive indices), which are, for LB
film and Au film, respectively, (6.10 + 0.018i) x
106 and (6.86 + 0.600 i) x 105 for iron Ka,
(4.56 + 0.0111§) x 10~®and (5.13 + 0.396 i) X
1078 for the ferritin experiment A, = 1.67 A,
(4.89 + 0.0101i) x 10~® and (3.83 + 0.358 i) x
105 for zinc Ke, and (3.89 + 0.009 i) x 10~
and (3.05 + 0.264 i) x 10~5 for the BSA
experiment X, = 1.28 A,
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structure of surfaces and interfaces, for ex-
ample, the value of z and the distributed
width for z.

From the reciprocity theorem, the cal-
culation of fluorescent x-ray intensity Y
from coordinate z on the take-off angle 8, is
identical with that of incident x-ray field at
coordinate z on the glancing angle 6,.
Thus, when atoms act as fluorescent x-ray
sources with a distribution N, the yield Y
should be

Y(0,) = J 10, Ny, 2) NGz, ©)

I(en )\h Z) dZ (1)

where I(8,, N\, 2) is the primary x-ray
intensity, which is affected by the total
reflection beams for the incident wave-
length A, at coordinate z. The distribution
N(z, o) reaches a maximum at ¥ = g5 and is
assumed to obey a Gaussian distribution
with standard deviation o (see Fig. 2). The
intensity I1(0,, A, 2) for fluorescent x-ray
wavelength A results from interference be-
tween the direct and totally reflected fluo-
rescent emissions at coordinate 2.

We obtained z, and the width 2o for x?
minimization fit for Y(0,). The theoretical
FXI pattern is in close agreement with the
experimental one (Fig. 4). The values of
the refractive indices of the gold substrate
and of the LB film were obtained from the
separate fitting of the x-ray reflectivities at
the corresponding four wavelengths.

The fitted values and their 1o confi-
dence intervals for iron (Fig. 4A) are z,™
=95 + 14 A and 20% = 60 *20 A. The
size of the ferritin core (8), measured by a
scanning electron microscope (Hitachi
S-900), agrees with the 2™ value ob-
tained here. For BSA (Fig. 4B), 7, = 63
Y A and 207 = 58 *2¢ A. The form of
the BSA molecule, based on electron mi-
croscope observation with a metal coating
(9), is a prolate ellipsoid with a major axis
2a = 140 A and a minor axis 2b = 40 A.
Thus, our value of 207 is in close agree-
ment with the value of the short axis for
the BSA molecules. Consequently, the
experimental FXI pattern is consistent
with a model in which the short axes of
BSA molecules are perpendicular to the
surface of the substrate.

Information obtained from our FXI
fringes is similar to that from x-ray standing
waves generated by total reflection (10).
However, FXI measurements have some
advantages (4). Parallel and monochromat-
ic x-rays are unnecessary because fluores-
cent radiation occurs independently of the
primary beam (I1). Thus, white x-ray
beams of synchrotron radiation, electrons,
and ions can be used as the primary beam.
We hope that the FXI method can effec-
tively measure conformational changes for
noncrystallized proteins in wet conditions.
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New Light on the Heart of Darkness of
the Solar Chromosphere

S. K. Solanki,* W. Livingston, T. Ayres

Solar carbon monoxide spectra indicate the existence of a cool (less than 4000 kelvin)
component to the solar chromosphere coexisting with the hot, bright gas at 6000 to 7000
kelvin. However, both the existence and the location of the cool component have been
controversial. New high-resolution spectra show that carbon monoxide goes into emission
just beyond the limb, allowing it to be probed without photospheric contamination. The cool
component has temperatures as low as 3000 to 3500 kelvin and appears to cover 50 to
85 percent of the quiet solar surface. There is a steep temperature rise to normal chro-
mospheric temperatures at a height of 900 to 1100 kilometers. Large horizontal velocities
are seen, suggesting that the cool component is maintained by the supersonic adiabatic
expansion of upwelling gas in overshooting granules.

The chromosphere of the sun is prototyp-
ical for the chromospheres of most cool
stars. Any major challenge to the under-
standing of its structure will accordingly
reverberate through many areas of solar and
stellar physics. We report here on observa-
tions that strongly support the need for a
fundamental revision of the traditional pic-
ture of the chromosphere as a relatively
homogeneous thermal structure, with a
temperature lying between 5000 and 7000
K over most of its height (1). Models based
on this picture reproduce an impressive
array of observations, mainly atomic spec-
tral lines and continuous spectra, but pos-
sess one major flaw. They cannot match
observations of the fundamental vibration-
rotation band of the CO molecule at 4 to 5
pwm (2). On the other hand, previous mod-
els based on the CO lines (2, 3) cannot be
easily reconciled with the traditional opti-
cal and ultraviolet diagnostics. This incon-
sistency has led some researchers to doubt
the very existence of a cold component (4,
5), and there is general agreement that its
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key properties—particularly the horizontal
and vertical extents—are highly uncertain
(6).

The major hindrance to the removal of
these inconsistencies and uncertainties, the
lack of high spatial resolution infrared in-
strumentation, has been overcome recently
with the installation of a large infrared
grating on the main spectrograph of the
McMath-Pierce facility on Kitt Peak, near
Tucson, Arizona. Spectra at 4.67 pwm were
obtained in April 1993 at the solar limb
under conditions of exceptionally low
smearing by the Earth’s atmosphere and low
atmospheric water vapor (Figs. 1 and 2).
QOutside the continuum limb the CO spec-
trum is clearly in emission.

From the observed continuum limb pro-
file we first determined the spatial smearing
due to the finite telescope aperture, spec-
trograph slit width, atmospheric blurring,
and scattered light, assuming a regular
limb. The observations were best repro-
duced without any atmospheric blurring.
Perhaps a quiescent “random walk” atmo-
sphere prevailed (7). We then used the
inferred smearing and scattering parameters
to estimate the true limb profile of the CO
line core emission (Fig. 3). The brightness
temperature of the optically thick CO line
cores remains constant at 3600 to 3900 K to
approximately 0.4 arc sec outside the 4.7-
wm continuum limb (corresponding to the





