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Introduction: Unraveling mysteries of the for-

mation of the solar system and the origin of life will 
require in situ access to nanoscale worlds of the solar 
system. There are two basic reasons for that: (1) The 
fundamental building blocks of the solar system, in-
cluding small primitive volatile organics and ice 
grains, are most likely at the submicron and/or na-
noscale in size, and (2) organisms could be prevalent 
across our solar system and beyond but predominantly 
present in small forms of life hidden on other worlds 
such as ocean worlds. The next ~ 30 years of planetary 
exploration will provide the opportunity to revolution-
ize our fundamental understanding of the solar system 
and life, including answering one of the most profound 
questions facing humanity: Is there life elsewhere in 
the universe? To make that happen, however, we have 
to develop new instruments now that will enable extant 
life on other worlds of the solar system to be directly 
detected and physically visualized. In this presentation, 
we will explore the potential of phase sensitive X-ray 
micro- and nano-imaging to in situ visualize and ana-
lyze the morphology and structures of organisms in 2-
D and 3-D detail.  

Phase sensitive X-ray imaging: Phase contrast or 
phase sensitive X-ray imaging, which incorporates 
phase contrast into otherwise absorption X-ray imag-
ing, enables the hidden, intact microscopic structures, 
textures, and morphologies of heterogeneous materials, 
including lifeless material and living things, to be visu-
alized in a detailed manner otherwise unobtainable. 
The interaction of X-rays with matter can be described 
by a complex index of refraction n,   n=1-δ-iβ, where δ  
and β  are the refraction (phase shift) and absorption 
terms, respectively. In other words, both refraction and 
absorption occur as X-rays pass through an object. 
Conventional hard X-ray radiography and tomography 
imaging relies on only photoelectric absorption (the β) 
and hence has poor image sensitivity to low-density 
objects or components (e.g., water and organic matter) 
in heterogeneous materials. This causes the difficulty 
of spatially mapping/distinguishing organic matter, 
lower-density minerals and those with similar density, 
and organisms potentially preserved in pristine or less 
irradiated ice samples of icy moons (e.g., Europa and 
Enceladus). Phase contrast X-ray imaging, on the other 
hand, utilizes X-ray refraction (the δ), which occurs at 
the interfaces that define various structures of interest 
(e.g., grains, pores, organisms and internal structures), 

and it translates structure-induced phase modulations 
into intensity variations through wave propagation, 
resulting in edge or interface enhancement (Fig. 1). 
Moreover, for hard X-rays travelling through low-
density material such as organic matter, the phase shift 
term δ is dominant, on the order of 10-6 compared with 
10-8-10-9 for the absorption term β. In other words, the 
phase-shift cross section can be several orders of mag-
nitude greater than the absorption cross section. This is 
the basis reason why phase contrast X-ray imaging 
enables such delicate internal structures to be visual-
ized in both lifeless and life-containing or living solid 
samples that may be difficult to resolve otherwise.  

 
 
 
 
 
 
 
 
 
 

 
Phase sensitive X-ray imaging for planetary sci-

ence: Significant progress has recently been made in 
X-ray imaging both technologically and scientifically. 
For example, exploiting phase contrast X-ray nanoto-
mography has allowed intact pores, carbonaceous ma-
terial, medium-, and high-density grains in bulk inter-
planetary dust particles (IDPs) to be visualized and 
analyzed morphologically, texturally, and microstruc-
turally in 3-D ~ 10 nm detail [1]. These include Fe/Fe-
rich minerals, amorphous silicates, and low-density 
sub-µm refractory grains (e.g., Fig. 2). The tiny dis-
tinct refractory hollow grain (Fig. 2) is virtually trans-
parent to 10 keV photons used. But the strong phase 
contrast effects at the interfaces have not only made 
this intact, ancient grain visible but also have revealed 
surprisingly morphological and textural details. Like-

Fig.1. Phase sensitive X-ray microradiography 
image  revealing polymeric foam structure and  
water droplets (arrowed) trapped in the foam 
through phase contrast. Strong black/white phase 
contrast forms at the water-air interface and foam 
edges. 
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wise, exploiting phase contrast X-ray microtomogra-
phy has enabled us to noninvasively uncover the mor-
phological, textural, and structural details of organ-
isms, cellular polymers, and porous carbon composites. 
Both morphological and structural details would be 
crucial for providing unambiguous evidence of extant 
life on ocean worlds. As seen below, organism-
containing ice samples would be ideally suited to 
phase sensitive X-ray imaging.   

 
 
 
 
 
 
 
 
 
 

 
 
 

 

Compelling evidence of the presence of a global, 
active salty-liquid-water ocean between a rocky core 
and an icy crust on Europa and Enceladus has made 
them two of the most plausible places that could harbor 
extant life in the solar system beyond Earth [2-9]. 
Ocean material may well have been brought to the 
water ice crust though various geological processes 
and preserved in pristine ice at depths of ~ 10 cm be-
low the surface of Europa. This provides the oppor-
tunity for lander missions to geologically-young, less 
irradiated surface areas to directly search for and detect 
extant life (e.g., small organisms). Organisms embed-
ded in the ice matrix are well suited to phase sensitive 
X-ray radiography and tomography. This case is con-
ceptually similar to imaging the water droplets trapped 
in the polymeric foam (Fig. 1), a crystal immersed in 
liquid [10], or an organism surrounded by air (not 
shown here). The millimeter-centimeter thick water ice 
matrix will only produce negligible or weak back-
ground contrast in high-energy X-ray images. For ex-
ample, the attenuation path length, the distance into the 
material where the intensity of X-rays falls to 1/e of its 
initial value, is 33.6 mm for 30 keV photons passing 
through water ice. In situ phase sensitive X-ray radiog-

raphy and tomography would make individual organ-
isms in the ice matrix conspicuous both morphologi-
cally and structurally because of the extreme sensitivi-
ty to the interfaces that define their internal structures 
as well as to their edges or peripheries. In a case where 
an ice sample of Europa contains organisms and other 
materials such as NaCl or halite crystals [11], strong 
phase contrast effects at various interfaces, including at 
the NaCl-water interface, would make morphologically 
distinct crystals and organisms stand out from the ice 
matrix. In many cases, a few high-resolution phase 
sensitive X-ray radiography images of the bulk ice 
sample would probably suffice to enable organisms to 
be recognized morphologically and structurally, 
providing a simple, fast yet powerful way to noninva-
sively uncover morphological and structural evidence 
of life.  In addition, the levels of details to be revealed 
in situ would enable meaningful comparisons of small 
life forms on different worlds morphologically, struc-
turally, and compositionally, when combined with 
composition analysis. The investigation would provide 
insights into the formation and evolution of life and 
local environments. The new imaging technique could 
be equally utilized to search for life on Mars. It would 
also enable pristine icy comet samples to be structural-
ly visualized to in situ uncover a primitive microscopic 
world of the early solar system.  

Summary: Recent advances in X-ray imaging both 
technologically and scientifically have opened up the 
opportunity to address science questions that might be 
inconceivable previously. With its extreme sensitivity, 
high resolution, and great flexibility, phase sensitive 
X-ray microscope imaging will enable intact organ-
isms preserved in bulk ice samples to be visualized and 
analyzed morphologically and structurally in 2-D and 
3-D detail. Developing in situ phase sensitive X-ray 
imaging at the micro- and nano-scale would create a 
powerful new X-ray eye to uncover the hidden micro-
scopic world of “extraterrestrial life” in our solar sys-
tem and gain new insight into the origin of life.   
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Fig. 2. Phase contrast X-ray nanotomography 
image of  a low-density sub-µm refractory hol-
low grain uncovered noninvasively in an intact 
IDP [ref. 1]. Rendered volume: 270×330×435 
nm3. 
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