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We discovered that intense irradiation by hard-x-ray strongly decreases the effects of natural surface
tension of water in droplets and capillary tubes. The effect was revealed by direct experimental
observations with phase contrast microradiology. A model based on ionization and surface charging
explains this so far undetected phenomenon. The effect can impact the results of many experimental
techniques based on x rays. This is an example of the largely unexplored effects that can be produced by
extreme intense x-ray irradiation—an important issue due to current development of x-ray free-electron-

lasers with unprecedented brilliance.

DOI: 10.1103/PhysRevLett.100.217403

Hard x rays are used in a variety of experimental studies
of liquids and in particularly of water [1-11]. The present
synchrotron sources allow very high levels of irradiation
that could conceivably alter basic parameters such as the
surface tension, and the corresponding effects. In spite of
its potential impact, this issue is still largely unexplored
[1-11].

Using phase contrast microradiology [12-14], we dis-
covered that intense hard x rays do decrease the effects of
the surface tension of water, in particular, for droplets. The
evidence was obtained with three different types of experi-
ments at the 7B2 beam line of the PLS 2.5 GeV, 150 mA
storage ring in Pohang, Korea [13]. Spatially coherent
synchrotron x rays in the photon energy range 10—
60 keV were used to irradiate water and simultaneously
to image the induced effects [12—14].

The first series of tests was conducted by injecting pure
water droplets (18 M{), Millipore) in a container with
olive oil as schematically shown in Fig. 1. Some droplets
stayed suspended at the upper oil surface [15] forming
small water-air interfaces. During x-ray irradiation, these
droplets were imaged using a CdWO, scintillator crystal
and a CCD camera. The scintillator-specimen distance was
set at 150 mm to optimize phase contrast [12—14]. The
beam spot size was 0.58 X 0.44 mm? and the microradi-
ology spatial resolution was 0.5 pwm. Sequential micro-
radiographs were taken with an acquisition time of 100 ms.

Figure 1(c) shows that the hard-x-ray irradiation (dose
rate =~10° Gy s™!) causes a gradual decrease of r, the
radius of the contact surface between air and the water
droplet, until the droplet detaches. This indicates a de-
crease in the water-air surface tension vy,,. Figure 2 illus-
trates how r and the oil-air and water-oil contact angles
and ¢ [defined in Fig. 1(b)] evolve with the irradiation
time. The x rays marginally affect 6, indicating only lim-
ited effects on the oil-air surface tension y,—whereas ¢
markedly increases.

0031-9007/08/100(21)/217403(4)

217403-1

PACS numbers: 78.70.Dm, 68.03.Cd, 82.50.Kx

For a quantitative analysis, we used the horizontal and
vertical balance of forces:

Yw = 2(¥, 080 + ¥y, c08¢); (1)

Yo = Yo SINO — vy, sing. 2)

Here v, is the water-oil surface tensions and y, the
surface tension equivalent of gravity, given by Tate’s law:

FIG. 1 (color online).

First series of tests: (a) the experimental
specimen, a water droplet suspended at an interface between oil
and air. Scale bar: 1 mm. (b) force balance; (c) representative
microradiology image sequence during x-ray irradiation (Scale

bar: 100 wm). The x-ray dose rate was =~ 10> Gys~ L.

© 2008 The American Physical Society
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FIG. 2. Evolution of the contact radius and of the contact
angles with the irradiation time, again with an x-ray dose rate
~ 10° Gys™!.

Y, = ApgV/(2mr)—where V is the droplet volume, Ap
the water-oil density difference and g the gravity accelera-
tion. Thus, assuming an approximately constant value
Yo =353 mNm™!, y,, and vy, can be derived from the
r, V, 6, and ¢ values measured in the micrographs. The
corresponding dependence of y,, on the irradiation time is
shown in Fig. 3, revealing a strong decrease; note that this
qualitative conclusion is not affected by the above assump-
tions. Similar results were consistently obtained for 28
quantitative tests (plus several more qualitative tests).

The second set of experiments explored the impact of
x-ray irradiation on water capillarity as shown in Fig. 4(a).
Ultrapure water was injected into a hydrophilic capillary
tube (Suprasil, VitroCom, radius a = 300 pwm). The con-
cave water meniscus was again imaged with Xx-ray
microradiography.

The meniscus surface shape is related to the surface
tension by the Young-Laplace equation [16]:

Ap =2y,/R, (3)

where A p is the pressure difference between the fluids and
R is the harmonic mean of the two principal radii of

confirms the decrease of the water surface tension.
Figure 4(c) shows the corresponding dependence of R
and vy,, on the irradiation time.

The contact line between the meniscus and the capillary
tube did not move during the irradiation. Thus, the de-
crease of R corresponds to a reduction of the total water
volume due to evaporation. The evaporation enthalpy is
related [18] to the surface tension, thus the presence of
evaporation confirms again a decrease in v,,,.

Evaporation effects were studied in detail by the third set
of tests, similar to the second except that both ends of the
capillary tube were sealed. This complicated the quantita-
tive analysis since Ap was no longer a constant.
Qualitatively, x-ray irradiation induced both a reduction
in the meniscus radius and a decrease in the water vol-
ume—confirming the induced decrease in the surface
tension.

Our newly discovered phenomenon raises two critical
questions: first, why was it not discovered by the many
previous experiments conducted with x rays on water
systems [1-11]? Second, what is the underlying mecha-
nism and, in particular, could heating by x-ray irradiation
trivially explain it?

The key point in the first question is flux. We used
broadband, unmonochromatized synchrotron radiation
with a much higher flux than most experiments that are
conducted with monochromatized beams. Figure 5 shows
for different x-rays dose rates the irradiation-induced
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FIG. 4. Second series of tests: (a) microradiology image of the
spherical meniscus of water in a capillary tube with radius a =
300 wm, sealed at the bottom and open at the top; (b) change
in the meniscus radius during x-ray irradiation (dose rate =
103 Gys™'); (c) corresponding time evolution of the radius and
of the water-air surface tension; the solid line is the best fit with
the theoretical Eq. (9).

changes of the meniscus radius in a 1.6 mm diameter
sealed capillary tube. These tests were performed with an
x-ray microfocus facility (Hamamatsu, 1.9191) and the
dose rate was measured with a previously calibrated ion
chamber. The meniscus radius was derived in this case
from digital pictures: the accuracy was lower than in
microradiology but adequate for this test.

The surface tension decrease is clearly visible in Fig. 5
for high dose rates. For comparison, the dose rate in the
previously discussed three test series was =~ 10° Gys™!
and the irradiation time up to 100 s; the highest dose rate
(166 Gys™!) in Fig. 5 and the 10 min of irradiation pro-
duce a similar total dose in the 10° Gy range. The surface
tension decrease can no longer be detected for 3 Gys™! —
comparable to the dose rate produced by experiments with
monochromatic beams. This explains why the phenome-
non was not previously reported.

Concerning the causes, we found that heating during
x-ray irradiation is negligible. In the droplet experiments,
measurements by an infrared thermometer detected only a
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FIG. 5. Relative decrease at different x-ray dose rates of the
meniscus radius (R, = initial value) for water in sealed 1.6 mm
diameter capillary tubes.

small temperature increase <1.0 K. In the capillary-tube
tests, the increase was <1.0 K = 0.08 K—a result corro-
borated by parallel observations of the expansion of a
200 pwm diameter mercury droplet.

Since heating can be ruled out, what is the cause of the
phenomenon? We argue that intense x-ray bombardment
creates by ionization [19] a surface charge that affects the
surface tension [20,21]. Consider Lippmann’s equation
[22]:

dy
W= — 4
7 o “4)

where @ is the potential and o the surface charge density;
this equation can be written as

dy, _ _ dd ]
do (da-)a-’ )

on the other hand, ® = oR/(g,¢,), where (g,¢,) is the
dielectric permittivity. The Young-Laplace Equation,
Eq. (3), gives then @ = 20v,,/(g,&,Ap) and

Yw to—— (6)

ddb 2
do

dy,,
do  &,8,Ap )

Together with Eq. (5), this leads after a few simple steps to

dy.,, odo
Yo (7)

Voo soserp + 0_2

After integration, this equation gives: In(y,/v,:) =
—(1/2)In{l + [20%/(e,e,Ap)]}, where 7,,; is the initial
value of the surface tension, or [since Eq. (3) gives Ap =
2y.i/R,, where R, = initial radius of curvature],

217403-3
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Assuming a time-dependent charge building towards an
asymptotic value o of the type o = op[1 — exp(—1/7)],
Eq. (8) can be used to derive the time dependence of the
surface tension. Note that o cannot exceed the Rayleigh
instability limit [23] (for Coulomb fragmentation)

or = 2(8,€,7,:/R,)"/>*—and Eq. (8) can be written as
— Ywi

Yw = = .

I HED — exp(—1/n)]}

The solid line of Fig. 4(c) shows by best fitting that
Eq. (9) and therefore the charging effects can explain our
experimental data. Here &, = 80 for water and the best-
fitting parameters were op/og = 1.40 and 7 = 240 s.
Note that since op/og > 1 the charge buildup would
lead in this case to the Rayleigh instability before reaching
the asymptotic value o . On the other hand, the minimum
value of y, = 0.7vy,, in Fig. 4(c) does not yet reach
the Rayleigh limit: Eq. (8) gives indeed op/og =
[(7wi/7w)2 - 1]1/2/2 =~ 0.51.

Our newly discovered effect can have a so far neglected
impact on many other experiments. Its magnitude in our
tests was quite large because of the unusually high flux of
x rays. However, scaled-down phenomena of the same kind
could still significantly affect the results of other experi-
mental techniques involving the interaction of synchrotron
x rays with water (and other liquids)—and these problems
could become more relevant with the next generations of
synchrotron and free-electron laser sources. Furthermore,
the possibility to tune the surface tension by x-ray irradia-
tion can be exploited to study the many phenomena af-
fected by this parameter in physics, chemistry, and biology
[24,25]—such as, for example, the tendency of oil and
water to segregate. Our phenomenon could possibly play a
role in extreme atmospheric droplet charging cases such as
thunderstorm clouds in the vicinity of lightning where
intense gamma and Xx-ray emission occurs [26]. By and
large, our newly discovered phenomenon should not be
neglected a priori whenever water and x rays interact with
each other.

This work was supported by the Creative Research
Initiatives (Functional x-ray Imaging) of MOST/KOSEF.
We would like to thank Dr. Jasper Kirkby for his sugges-
tions on the physical mechanism and on atmospheric
phenomena.
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