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Three-Dimensional Readout of Flash X-ray Images of
Living Sperm in Water by Atomic-Force Microscopy

T. ToMmig,* H. SHiMIZzU, T. MAJIMA, M. YAMADA, T. KANAYAMA,

H. Konpo, M. YANO, M. ONO

The imaging of living specimens in water by x-ray microscopy can be greatly enhanced
with the use of an intense flash x-ray source and sophisticated technologies for reading
x-ray images. A subpicosecond x-ray pulse from a laser-produced plasma was used to
record the x-ray image of living sea urchin sperm in an x-ray resist. The resist relief was
visualized at high resolution by atomic-force microscopy. Internal structure of the
sperm head was evident, and the carbon density in a flagellum was estimated from the

relief height.

-RAY MICROSCOPY (XRM) HAS

x many potential advantages over elec-
tron microscopies (EMs) (7). The

most favored application is the observation
of living cells in water with the use of x-rays
in the so-called water-window wavelength
region (2.32 to 4.37 nm). Although there
have been many synchrotron-radiation
XRM studies (2) with an exposure time
longer than a few seconds, flash exposure is
essential for high-resolution imaging (3).
Although a 100-ns x-ray pulse was used in
the first experiment of flash XRM of speci-

men in water (4), the maximum exposure -

time for high-resolution imaging is consid-
ered to be shorter than 1 ns, as discussed
below. Such a short duration flash x-ray is
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currently available only from a laser-pro-
duced plasma.

Along with the difficulty of obtaining an
intense flash x-ray source, the other major
problem in flash XRM has been reading the
x-ray images. High-resolution flash XRM is
possible at present only in contact XRM, in
which the x-ray shadow of a specimen is
recorded in the closely contacted x-ray resist.
The magnification of the image is achieved
in the examination stage of the recorded
profile. In the examination by EMs, radia-
tion damage by the electron beam of the
resist surface or a replica of the resist relief
has been a serious problem (5). We have
used atomic-force microscopy (AFM) (6)
because the relief on a nonconducting resist
surface can be examined directly without
coating or making a replica. In microscopy,
one wants to observe both thin and thick
features in the same image, and the record-
ing material should have a large dynamic
range, contrary to the case of lithography, in
which an on-off pattern is required. When a

dynamic range is large, the contrast of the
image is inevitably low. AFM is a good
technique for examining low-contrast to-
pography. Moreover, the relief height can
be measured with high precision, which
allows us to discuss the density of speci-
mens quantitatively. We report the use of
AFM in contact XRM in imaging sea ur-
chin sperm.

After a detailed study of the laser-plasma
x-ray source (7), we succeeded in obtaining
one-shot x-ray image of specimens in water
by using a low-energy (2-]) laser pulse (8)
(Fig. 1). The major concern in using a
laser-plasma x-ray source was the effect of
ultraviolet (UV) emission and debris from
the plasma (9). We confirmed experimental-
ly that the contribution of UV emission to
resist exposure was negligible. Although the
0.1-pm-thick silicon nitride (SizN,) mem-
brane used as an x-ray window was broken
after the x-ray exposure, the debris did not
reach the resist surface when a specimen in
water was imaged. The water between the
membrane and the resist protected the resist
surface from the debris. The specimen was
the sperm of a sea urchin Anthocidaris cras-
sisspina in semen solution. The undiluted
semen was stored at 4°C. For the observa-
tion, the semen was diluted with a one-
quarter volume of artificial seawater. A drop
of the diluted semen was sandwiched be-
tween the Si;N, membrane and a polyme-
thylmethacrylate (PMMA) x-ray resist. The
laser plasma was produced by a frequency-
doubled glass laser pulse (500 ps, 2 J). The
specimen was placed 6 mm from the x-ray
source. The x-ray energy density on the
resist was 5 to 10 mJ/cm?. The main contri-

P';'i__s_nﬁ_—e—/
O\La&

; X-ray
SigN,
h Specimen
,\./D in
PMMA water

Fig. 1. Experimental configuration. A silicon ni-
tride membrane of 0.1-pm thickness supported
on a silicon wafer was used as an x-ray window.
The membrane maintained the pressure difference
between the vacuum region for the x-ray genera-
tion and the atmospheric specimen environment.
The x-ray image is recorded in PMMA x-ray resist
of 0.5-um thickness spun on another silicon
wafer. The separation between the membrane and
the resist was 3 pwm and was estimated from the
x-ray transmission through water. The minimum
separation is limited by the flatness of wafers.
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Fig. 2. (A) X-ray image of the
living sperm of a sea urchin ob-
served in a Normarski optical mi-
croscope. The exposed PMMA re-
sist was developed with a 1:1
mixture of methylisobutylketone
and isopropanol. The specimen on
resist was removed by a sodium hy-
pochlorite solution before develop-
ment. The image of the 200-um
square x-ray window appeared after
2 min of development, and the de-
velopment was stopped at 10 min.
The developed resist depth was

0.08 pm. From our experimental data on the dissolution rate, the x-ray dose on
resist was estimated to be 5 to 10 mJ/cm?. (B) X-ray image of a sperm
examined by AFM. The relief height of the head image is 0.075 pm and that
of a flagellum is 0.025 pm. The width of the flagellum image is 0.25 pm. (C)

Height (nm)
ué

00 L

1 2
Horizontal position (um)
Fig. 3. The width and height of flagella images
were modulated with a period of 0.2 to 0.4 um.
The example here shows the relief height along
the center of a flagellum image. The modulation
could be caused by the flexibility of the flagellum
cell membrane.

bution to resist exposure comes from x-rays
of 2.4- to 3.0-nm wavelength (10).

A photograph of the resist pattern ob-
served in a differential interference optical
microscope is shown in Fig. 2A. The x-ray
image shows that the sperm have a cone-
shaped head 5 pm in length and 1.7 pm in
diameter near the neck and a flagellum 40
pm in length. An AFM profile of the sperm
head x-ray image is shown in Fig. 2B. The
relief height of the head image is 0.075 wm.
The flagellum image has a width of 0.25 pm
and the height of 0.025 um.

We note some structure in the sperm head
in Fig. 2B. Similar structure could be no-
ticed in all of the sperm heads examined.
The structure near the neck is most clearly
seen in the sperm shown in Fig. 2C in which
the AFM image is displayed in a different
output mode. The x-ray image is constricted
near the neck, and at the neck the center is
dented. The structure of the sperm has been
studied through the EM observations of
fixed and thin sectioned specimens. Most of
the sperm head is occupied by a nucleus, and
the mitochondrion is contained near the
neck (11). The mitochondrion has a dough-
nut shape around the so-called centriolar
fossa. The constriction of the x-ray image
corresponds to the interface of the nucleus
and the mitochondrion, and the dent corre-
sponds to the doughnut shape of the mito-
chondrion. These images demonstrate the

692

capability of XRM for observing internal
structures of living cells.

As described above, the width of flagel-
lum image is 0.25 pm. From the 0.025-um
height of the flagellum image, the thickness
of the actual flagellum is estimated to be
equivalent to a 0.15-um-thick layer of car-
bon with a density of 1 g/cm® (12). The
carbon density in the flagellum would be 0.6
g/cm? if the flagellum has a cylindrical shape,
which is in qualitative agreement with the
value expected for living cells (13). Precise
measurement of the relief height by AFM
enables us to estimate quantitatively the
fraction of elements in specimens. In the
flagella images, a modulation in the width
and height of a 0.2- to 0.4-pm period is
seen. An example is shown in Fig. 3, in
which the relief height along the center of a
flagellum image is modulated with a period
of 0.4 pm. The cell membrane of a flagellum
is not rigid, and the flagellum can have a
modulated shape (14). It is likely that the
observed modulation reflects the flexibility
of the cell membrane. In one AFM image,
we observed a thin line of 0.1-um width
extending from the tip of a 0.25-pm width
flagellum. This may be an image of internal
microtubules (14) where the surrounding
cell membrane was accidentally broken.

As described above the finest feature ob-
served is 0.1 pwm in width. Three factors
limit resolution: (i) diffraction; (ii) x-ray
dose; and (iii) exposure time. (i) Diffrac-
tion-limited resolution is given by (g\)'/?,
where \ is the x-ray wavelength and g is the
specimen to resist distance. The sperm head
and most parts of the flagella are considered
to have stuck to the resist surface, and the
greatest g value was that of the head top, 1.7
pm. Therefore, the maximum diffraction
blurring was 0.07 pm for A = 3 nm, and the
diffraction is not considered to have been
the limiting factor in our experiment. (ii) In
order to achieve the best resolution of
~0.02 pm in PMMA resist, an x-ray dose of
1 kJ/em? is required (15). In our experiment

An AFM image of another sperm head. The AFM display mode is different from
that in (B) to show more clearly the structure. Constriction of the image near the
neck represents the interface of the nucleus and the mitochondrion. The dent at
the neck corresponds to the doughnut shape of the mitochondrion.

the x-ray flux was 5 to 10 mJ/cm?, which
corresponds to an absorbed dose of 100 to
200 J/cm? in resist. A dose lower by a factor
of 5 to 10 might degrade the resolution of
PMMA to ~0.1 pm. Some roughness on the
resist surface seen in Fig. 2B might be attrib-
utable to the low x-ray dose. (iii) Localized
x-ray absorption due to the specimen inho-
mogeneities causes distortion of microstruc-
tures during the exposure. The maximum
allowable exposure time has been calculated
to be proportional to the resolution divided
by the square root of the x-ray dose (16). For
our 500-ps x-ray pulse, the resolution would
be 0.06 wm (17). The 500-ps exposure time
would not have been the limiting factor mar-
ginally. If the x-ray dose is to be increased for
improving the resist resolution, the exposure
time could limit the resolution. Although
detailed experiments are required to verify the
theory presented in (16), x-ray exposures
longer than 1 ns would not be allowed for the
resolution better than 0.1 pm.
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Atmospheric Lifetime of CHF,Br, a Proposed

Substitute for Halons

R. TALUKDAR, A. MELLOUKI, T. GIERCZAK,* J. B. BURKHOLDER,
S. A. McKEEN, A. R. RAVISHANKARAT

The rate coefficients, k,, for the reaction of OH with CHF,Br have been measured
using pulsed photolysis and discharge flow techniques at temperatures (T') between
233 and 432 K to be k; = (7.4 = 1.6) x 1073 exp[—(1300 *= 100)/T] cubic
centimeters per molecule per second. The ultraviolet absorption cross sections, o, of
this molecule between 190 and 280 nanometers were measured at 296 K. The &k, and
o values were used in a one-dimensional model to obtain an atmospheric lifetime of
approximately 7 years for CHF,Br. This lifetime is shorter by approximately factors of
10 and 2 than those for CF;Br and CF,CIBr, respectively. The ozone depletion
potentials of the three compounds will reflect these lifetimes.

INCE THE SIGNING OF THE MONTRE-
al protocol (1) curtailing, and eventu-
ally banning, the production of chem-
icals that can destroy stratospheric ozone,
many new compounds have been proposed
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as substitutes for the regulated compounds.
Bromocarbons (Halons), for example,
CF;Br, and CF,CIBr, which are used as
fire-extinguishing agents, are major anthro-
pogenic sources of stratospheric Br and will
have to be replaced (7). One proposed sub-
stitute, CHF,Br (2), has good fire-suppres-
sion characteristics (3). This molecule, be-
cause of the presence of an H atom, reacts
with OH free radicals in the troposphere; as
a result, the quantity of this molecule trans-
ported to the stratosphere is reduced. To
judge the acceptability of this replacement, it
is necessary to know the fraction of CHF,Br
released at the earth’s surface that will reach
the stratosphere. A measure of this quantity

is the tropospheric lifetime of the com-
pound. Two processes that can destroy this
molecule in the troposphere and thus reduce
its transport to the stratosphere are (i) the
reaction with the OH free radical

OH + CHF;,Br — CF;Br + H,O; k;

(L
and (ii) photolysis. The latter process is
quantified by measurement of the absorp-
tion cross section, o, in the ultraviolet (UV)
region. We have measured the rates of these
two processes and calculated the tropo-
spheric lifetime.

We measured the rate coefficient, k,, us-
ing two complimentary techniques: (i) dis-
charge flow with laser magnetic resonance
detection (DF-LMR) of OH and (ii) pulsed
laser photolysis with laser-induced fluores-
cence detection (PP-LIF) of OH [see (4,
5)]. The experimental conditions used to
measure k, are listed in Table 1. In the
pulsed photolysis experiments, HONO was
used as the OH precursor. Because CHF,Br
is nearly transparent at 355 nm (o < 107*
cm?), the wavelength at which HONO was
photolyzed, secondary reactions of CHF,Br
photofragments were minimized. The mass
flow rates of all compounds flowing through
the reactor were measured with calibrated
mass flowmeters, and the flow rates were
then used to determine the concentration of
CHEF,Br. The sample of CHF,Br had an
analyzed purity of 98.8%; CF,CIBr (1%) and
CF,HCI (0.2%) were the main impurities.
We also analyzed the sample for the possible
presence of Br, and HBr, which react very
rapidly with OH, using UV and infrared (IR)
spectral measurements and found them to be
less than 1 ppm by volume each.

Secondary reactions of OH were negligi-
ble, as reported in earlier papers dealing
with the OH reaction rate coefficient mea-
surements (4, 5), under our experimental
conditions (see Table 1). There was good
agreement between data obtained by two
independent methods. We are confident that
our measurements do not have any large
systematic errors. In the DF-LMR study, we
could not measure k; below 268 K because
CHE,Br sticks on the walls of the reactor.

The measured values of k; (Table 1 and Fig.
1) can be expressed in the Arrhenius form as

ky=(74%16)x 10713

exp[—(1300 = 100)/T] cm? molecule™* s™*
(2)

for temperatures (T°) between 233 and 352
K. Even though k, was measured up to 432
K, data at T"> 352 K are not included in the
fit because of the slight curvature in the
Arrhenius plot at the higher temperatures
and because we use measurements made at
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