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Abstract 

Valence electron energy loss spectroscopy (EELS) has been used to characterize the composition of frozen-hy- 
drated specimens in the electron microscope. Fine structure in the energy range up to 30 eV provides a means of 
distinguishing between vitreous and crystalline ice. Some features of the ice spectrum can be understood in terms of 
transitions between molecular orbitals in the water molecule and by the existence of excitons in the solid. Spectra 
from hydrated biological specimens can be analyzed to obtain quantitative estimates of the water content by fitting 
contributions from the ice and organic components, EELS also provides information about the radiation chemistry 
that occurs when hydrated specimens are exposed to the electron beam. From the observation of the hydrogen 
K-edge at ~ 13 eV, it can be deduced that bubbles of molecular hydrogen are evolved during irradiation at doses of 
> 1 0  4 nm -z, and that these bubbles contain gas at pressures in excess of one thousand atmospheres. 

1. Introduct ion  

Cryo-electron microscopy is now an estab- 
lished technique for determining the structures of 
macromolecular assemblies that are preserved in 
their native aqueous state by vitrification [1,2]. It 
can also be used to determine subcellular struc- 
ture [3] and water distributions [4,5] in tissue 
prepared by rapid freezing and cryosectioning. It 
is well known that the information obtainable 
from such specimens is limited by the quality of 
freezing and by their susceptibility to radiation 
damage in the electron beam [3]. In this paper we 
demonstrate how electron energy loss spec- 
troscopy (EELS) provides a complementary tool 
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to electron microscopy and diffraction for charac- 
terizing frozen-hydrated specimens and learning 
about their radiation chemistry. Ceils typically 
contain about 80% water and 20% organic com- 
pounds, and each of these components is sensi- 
tive to radiation damage [3,6]. Together their 
radiation sensitivity is in fact enhanced by the 
reactions of free radicals (e.g., hydroxyl) with the 
organic molecules [7]. Clearly, EELS can be best 
applied to frozen-hydrated specimens by utilizing 
the valence excitations that can provide a reason- 
able signal at low electron dose. It is difficult to 
apply core excitations to these specimens because 
their relatively small scattering cross section re- 
sults in too weak a signal. It is only recently that 
suitable instrumentation has become available to 
perform the cryo-EELS experiments. Require- 
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ments for the instrumentation include: parallel- 
detection of the spectrum to minimize incident 
dose; cryotransfer specimen stage to avoid ice 
contamination and to maintain cryogenic temper- 
atures; and preferably a cold field-emission source 
to provide a sub-1 eV energy resolution that is 
desirable for probing the chemical state. Few 
high resolution EELS measurements have previ- 
ously been obtained from vitrified water or from 
vitrified aqueous solutions of organic compounds, 
although there do exist some earlier optical data 
on the different phases of ice [8]. It is therefore 
interesting to compare our results with the energy 
loss function obtained from these difficult optical 
measurements performed in the vacuum ultravio- 
let energy range. Our specific aims are to estab- 
lish how the valence energy loss spectrum from 
vitrified water differs from that of hexagonal ice 
and to investigate some aspects of the radiation 
damage that occurs in hydrated organic speci- 
mens under  conditions where the phenomenon of 
bubbling occurs. The nature of the gas inside 
these bubbles is of considerable interest and has 
been described as having strange properties [3]; 
until now its identity has not been known. 

2. Experimental methods 

Thin films of frozen vitreous water were pre- 
pared by pipetting drops of deionized water onto 
bare 600-mesh copper EM grids. The grids were 
then blotted with filter paper  immediately prior 
to plunging into liquid ethane at -175°C,  as first 
described by Adrian et al. [9], in our case by using 
a Leica KF80 freezing machine. Crystalline 
hexagonal ice was obtained by slowly immersing 
the blotted grids into liquid nitrogen. Both speci- 
mens were characterized by electron diffraction 
in a conventional transmission electron micro- 
scope (Hitachi H700H) to verify which phase was 
present [3]. 

Specimens of mouse liver that were rapidly 
frozen by a metal mirror cryofixation device (De- 
laware Diamond Knives, Inc.) were cryosectioned 
by means of a Reichert  Ultracut E microtome 
equipped with an FC-4 cryo-attachment (Leica, 
Deerfield, IL) and an ionization device to reduce 

static charge build-up (Diatome-U.S., Fort Wash- 
ington, PA) [10]. Cryosections were also obtained 
from frozen six-molar glycerol solution (contain- 
ing approximately 50% water and about 6% 
bovine serum albumin); this solution which is 
commonly used as a cryopreservative could easily 
be vitrified even by slow cooling. The tempera- 
tures of the specimen, knife and microtome 
chamber were set to the lowest values of around 
-160°C for sectioning the liver and at somewhat 
higher values of around - 130°C for the glycerol 
solution. The sections were manipulated with 
eyelash probes and placed on 200 hexagonal mesh 
copper grids coated with a thin ~ 20 nm Form- 
va r / ca rbon  support film. 

Frozen specimens were cryotransferred at 
-180°C into a VG Microscopes HB501 scanning 
transmission electron microscope (STEM) (Fisons 
Instruments, San Carlos, CA) operating at a beam 
energy of 100 keV. The electron spectrometer 
was a Gatan parallel EELS (model 666) equipped 
with a 1024-channel photodiode array [11-13]. 
The field-emission source of the STEM provided 
incident electrons of 0.5 eV energy spread, de- 
fined by the full-width at half maximum of the 
zero-loss peak. Photodiode counts were con- 
vet ted into numbers of primary electrons by using 
the previously determined conversion factor of 
~ 40 e / coun t .  The energy dispersion was set to 
0.1 eV/channe l  and a spectrometer acceptance 
semi-angle of ~ 10 mrad was chosen. 

Electron energy loss spectra were acquired in 
two ways. First, specimens could be analyzed by 
means of the Gatan E L / P  program running on 
an Apple Macintosh IIfx computer [14]. This pro- 
vided a convenient means of recording spectra 
from the specimens of pure water and also from 
extended regions of the cryosection. An asyn- 
chronous spectrometer de-scan control (provided 
by the PC-486 computer) was employed to com- 
pensate for shift of the spectrum over the detec- 
tor array at low magnifications. This was achieved 
by feeding a signal proportional to the specimen 
scan voltage to the drift tube of the spectrometer 
[15]. EELS data could thus be acquired at low 
dose ( ~  10 e nm -z)  while maintaining an energy 
resolution of ~ 0.5 eV. To collect spectra from 
specific organelles in a cryosection the spectrum- 
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imaging approach was employed as described 
previously [16]. A PC-486 computer  was used to 
collect spectra at each pixel in a 128 X 128 pixel 
array; spectra could then be summed over se- 
lected pixels to obtain information about specific 
subcellular compartments .  No de-scan was 
needed to acquire the spectrum image data be- 
cause the zero loss peak could be calibrated at 
each pixel. The realignment operation necessary 
to integrate spectra from extended areas of the 
specimen had the advantage of averaging out the 
channel-to-channel gain variations of the detector 
array [17]. The PC also acquired digital annular 
dark-field images that provided morphological in- 
formation about the specimen [16]. 

The spectra were processed as follows: sub- 
traction of the detector dark current, deconvolu- 
tion of the detector point-spread function, and 
removal of plural inelastic scattering by the 
Fourier-logarithmic deconvolution method [18]. 
For the cryosectioned tissue a correction was also 
made to remove the inelastic scattering due to 
the support film [4]. The resulting spectrum could 
then be analyzed by fitting ice and protein refer- 
ence spectra using a multiple least squares pro- 
gram. 

3. Results and discussion 

3.1. E E L S  o f  vitreous and crystalline ice 

EELS provides a powerful means for investi- 
gating the electronic structure of solids over a 
wide energy range that is difficult to access by 
optical measurements in the vacuum ultraviolet. 
Although some earlier optical and EELS mea- 
surements on water exist [8,19,20] recent techni- 
cal developments make it worthwhile to collect 
new data on this important substance. Ice is 
interesting because its molecules are held to- 
gether solely by hydrogen bonds whose electronic 
structure is not well understood. Ice has three 
phases that can exist at low pressure in the elec- 
tron microscope - hexagonal, cubic and vitreous 
[3]. 

Hexagonal ice is the commonly found struc- 
ture that is easily obtained by slowly cooling the 

liquid. Specimens of hexagonal ice prepared for 
electron microscopy typically have crystal sizes in 
the micrometer range; an electron diffraction 
pat tern from a typical single crystal is shown in 
Fig. la. Cubic ice has a very similar structure to 
that of the hexagonal phase and is formed by 
deposition of water vapor in a vacuum at temper- 
atures of approximately -100°C to -130°C [3]. 
Crystals of the cubic structure are typically less 
than 100 nm in size, giving the ring diffraction 
pattern in Fig. lb. Vitreous ice is formed at lower 
temperatures by deposition of water vapor in a 
vacuum or by rapidly cooling water at rates 
> 105 °C s -  1. The amorphous nature of this phase 
is evident in the diffuse rings of the electron 
diffraction pattern in Fig. lc. At temperatures 
above -130°C vitreous ice undergoes a phase 
transition to the cubic structure. One might ex- 
pect that vitreous ice would have a similar density 
to that of liquid water but experiments have 
shown that the density is (0.93 + 0 .02)x  103 kg 
m -3, i.e., similar to that for hexagonal or cubic 
ice [3,21]. This low density implies that water 
expands by 2% or 3% during vitrification but 
electron diffraction measurements on vitrified 
protein crystals indicate that the change in lattice 
parameter  is in fact < 0.5%. Despite these unre- 
solved questions about the density of vitreous ice 
it is clear that vitrification provides the best 
method for preserving biological structures in as 
close to their native state as possible. 

Single scattering electron energy loss spectra 
from hexagonal, cubic and vitreous ice are pre- 
sented in Fig. 2a. The spectrum from cubic ice is 
nearly identical to that from the hexagonal phase 
as expected because both structures have the 
same arrangement of four nearest neighboring 
water molecules around a central water molecule. 
A close similarity is also observed between the 
spectra from vitreous and crystalline ice. This 
correspondence in shape which was not evident 
in previous ultraviolet data [8] is clearly evident 
when the two spectra are superimposed (as shown 
in the top of Fig. 2a). A closer inspection, how- 
ever, does reveal some significant differences in 
the features (a), (b) and (c) at energy losses of 
10.8, 15.0 and 25.5 eV, respectively. In particular, 
the feature at ~ 15 eV shows up as a distinct 
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Fig. 1. Diffraction patterns of different phases of ice from which valence EELS spectra were recorded: (a) hexagonal, (b) cubic, (c) 
vitreous. 

shoulder in crystalline ice but is much weaker  in 
the vitreous structure (Fig. 2b). Similar observa- 
tions have also been  repor ted in the earlier opti- 
cal measurements  [8]. 

As described by Kobayashi [8] a crude assign- 
ment  of some of the structure in the energy loss 
spectrum can be made by examining transitions 
from molecular orbital states of the water  
molecule and by making use of the optical ab- 
sorption spectrum of water  vapor  obtained by 
Ishiguro et al. [22]. In the absorption spectrum 
from water  vapor  there is a broad band at 7.4 eV 
which is due to a transition f rom the lb  I molecu- 

lar orbital to a 4a 1 molecular orbital, a second 
band at 9.7 eV due to a transition from the 3a 1 to 
4al orbitals, and a third band at around 13.7 eV 
due to transitions from the lb  2 to 4al orbitals. To 
match the energies of the first maxima we must 
displace the optical absorption spectrum to higher 
energies by ~ 1.5 eV; we then find that the 
features (a) and (b) coincide. This simple analysis 
would explain the origin of features (a) and (b) 
although it cannot predict the energies of the 
EELS plasmon maximum at 20.4 eV or the fea- 
ture (c) at 25.5 eV. As discussed by Kobayashi [8] 
an excited electronic state in an insulating mate-  
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Fig. 2. (a) Single-scattering EELS from thin films of hexagonal ice (H), cubic ice (C) and vitreous ice (V) recorded at dose of < 100 
e/rim2; features (a), (b) and (c) are weaker in vitreous ice; spectra from vitreous ice (dashed line) and hexagonal ice (solid line) are 
superimposed above to show their similarity in shape. (b) Comparison of spectra from hexagonal and vitreous phases in energy 
range 12-18 eV showing stronger feature at 15 eV in crystalline ice. 
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rial must  be described in terms of a localized 
exciton. The radii of  highest electron density of  
the first three unoccupied Rydberg states of the 
water  molecule are 0.2, 0.6 and 1.2 nm while the 
oxygen-oxygen distance between water  molecules 
is 0.28 nm. These distances are a measure  of the 
extension of the excited state in ice so the orbitals 
of higher excited states would extend over several 
neighboring molecules whereas the lowest state 
would be almost contained within one water  
molecule. I f  this interpretat ion is correct the first 
maximum at 9.1 eV in the EELS spectrum would 
correspond to the ls  exciton consisting of an 
electron in the 4a 1 band and a hole in the lba 
band; the second feature at 10.8 eV would corre- 
spond to the 2s exciton; and the  exciton binding 
energy would be 2.3 eV. The fact that  the feature  
at 10.8 eV is broader  in vitreous ice than in 
crystalline ice might be explained by the radius of 
the second exciton extending into a disordered 
region of the structure. 
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Fig. 3. Summed  EELS from fifteen mitochondria in cryosec- 
tion of rapidly frozen mouse  liver (solid line) and multiple 
least squares fit to reference spectra f rom vitrified water  and 
protein (dashed line); peak at 6.7 eV (arrow) is due to 
excitation of 7r-states in organic compounds,  e.g., peptide 
bonds and aromatic groups in proteins; peak at 9.1 eV (arrow) 
is ice exciton; p lasmon maximum at 21.3 eV is shifted up in 
energy by ~ 1 eV relative to ice spectrum. 

3.2. EELS of frozen biological specimens 

Compar tments  of ceils typically contain 75 -+ 
15% water. For example, the cytoplasm has a 
water  content of around 80% and the mitochon- 
dria 60% [23]. The  compositions of most  other  
organelles also fall in this range with a few excep- 
tions like lipid droplets which do not contain any 
water  and plant vacuoles which contain almost 
100% water. The major organic constituents in 
cells are proteins, lipids, carbohydrates,  and nu- 
cleic acids, with protein generally being the most 
abundant.  Electron energy loss spectra from most 
of these compounds have a broad plasmon peak  
at ~ 23 eV as well as structure from 5 to 7 eV 
corresponding to excitation of 7r-states. A sub- 
stantial difference in the EELS shape therefore 
exists between the organic compounds and ice 
(which has a plasmon at 20.4 eV, an exciton at 9.1 
eV and no structure in the 5 - 7  eV range). In- 
deed, we have shown previously that the valence 
EELS from organelles in cryosectioned, rapidly 
frozen tissue can be modeled quite accurately by 
the sum of contributions f rom water  and protein. 
By fitting water  and protein reference spectra it 
is possible to obtain not only quantitative esti- 

mates  for the water  content but also to map these 
distributions at a spatial resolution of ~ 100 nm 
and a precision of + 5 %  as limited by counting 
statistics for the maximum allowed electron dose 
[5]. 

Fig. 3 is the summed spectrum from 15 mito- 
chondria in a hydrated cryosection of mouse liver 
recorded at a dose of 2 X 103 e / n m  e and at a 
tempera ture  of  -170°C;  a multiple least squares 
fit to the water  and protein reference spectra is 
also shown. In addition to the 9.1 eV water  peak, 
there is a shoulder at 6.7 eV in the spectra from 
the mitochondria; this is mainly attributed to 
~--excitations of  the peptide bonds in the protein. 
The plasmon maximum is also shifted up in en- 
ergy by ~ 1 eV relative to pure ice as expected 
from the higher plasmon energy of the organic 
component.  The ratio of  fitting coefficients gave 
a water  content of  56.8 + 2.0% (4- standard error 
of the mean)  in good agreement  with other mea- 
surements [23]. This determination required val- 
ues for the ratio of cross section per  unit mass for 
water  to that  for protein which we have previ- 
ously estimated as 0.89 + 0.03 [4]. 

It  is possible to establish whether  a frozen-hy- 
drated specimen is properly vitrified by observing 
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Fig. 4. Dark-field STEM showing bubble formation in 6-molar 
glycerol solution after exposure to dose of ~ 5 x 104 e nm -2. 
Bar = 100 rim. 

the fine structure near 15 eV. As described above, 
a rounded shape at this energy indicates the 
vitreous state whereas a sharper shoulder indi- 
cates that crystallization has occurred. This ob- 
servation is useful because it is often inconve- 
nient to record the diffraction pattern at low 
electron dose in the STEM. 

3.3. Radiation damage 

Structural changes that occur when frozen-hy- 
drated organic or biological specimens are irradi- 
ated in the electron microscope have been de- 
scribed in detail by several authors [3,24,25]. Here  
we show that EELS can be used to characterize 
beam damage effects and radiation chemistry in 
such specimens. Morphological observations show 
that above a dose of approximately 104 e / n m  2 
numerous small bubbles appear which rapidly 
fuse together and continue to grow causing the 
specimen to deform. The bubbles eventually break 
when they extend to the surface of the specimen. 
As discussed by Dubochet  et al. [3] bubbling 
appears in vitrified aqueous solutions of organic 
compounds and also in non-vitrified specimens 
between hexagonal ice crystals where the organic 
compounds are concentrated. Bubbling is not 
strongly dependent  on dose rate and is reduced 
but still present even at near liquid helium tem- 
peratures of 4 K. 

We have observed the bubbling effect both in 
cryosectioned liver and in cryosectioned 6-molar 
glycerol solution containing 6% bovine serum al- 
bumin; this solution is used for cryopreserving 
tissue. The liver has a water content of ~ 75% 
and the glycerol ~ 50%, and the cryosections 
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Fig. 5. (a) EELS recorded at temperature  of - 180°C from 200 nm thick cryosection of vitrified glycerol solution exposed to dose of 
5 X 104 e nm -2  (solid line) and dose of ~ 103 e nm -2 (dashed line). (b) EELS from rapidly frozen mouse liver at eight 
incremental  doses ranging from 5 X 103 e nm -2  to 4 X 104 e nm -2. Peak at around 13 eV is at tr ibuted to hydrogen K-edge that  
forms concomitantly with bubbling of the specimen observed in dark-field STEM. 
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have a thickness of approximately one inelastic 
mean flee path (~  200 nm). Fig. 4 shows a dark- 
field STEM image from a glycerol specimen ex- 
posed to a dose of 5 × 104 e/nm2; numerous 
bubbles are evident with typical diameters of 40 
nm. Electron energy loss spectra were collected 
while the bubbling phenomenon was being ob- 
served in the STEM and these are shown in Fig. 
5a and 5b for glycerol and liver, respectively. In 
both spectra sharp peaks appear at 13 eV with a 
threshold at around 12.3 eV. The peak continues 
to increase in strength as the bubbles become 
visible until their diameters reach approximately 
50 to 100 nm when the peak is seen to disappear. 
Sometimes the peak reforms and disappears yet 
again as new bubbles are generated. Eventually a 
hole is etched in the specimen when the accumu- 
lated dose reaches ~ 106 e / n m  2. After scaling 
the intensities to match at 30 eV we can extract 
the shape of the 13 eV peak by subtracting the 
spectrum of the undamaged specimen from the 
spectrum recorded under conditions where bub- 
bling occurred. No attempt was made to correct 
for plural inelastic scattering because the speci- 
men thickness was not constant within the ana- 
lyzed area during bubble formation. Despite the 
presence of some plural scattering the subtrac- 
tion procedure now clearly reveals the presence 
of the hydrogen K-edge as shown in Fig. 6. The 
shape is seen to agree well with the spectrum 
from molecular hydrogen recorded by Alan and 
Krivanek [26] and also with the earlier high reso- 
lution spectra of Geiger and Schmoranzer [27]. It 
is interesting however that we observe a slightly 
higher edge energy by approximately 0.5 eV. We 
conclude that the bubbles contain molecular hy- 
drogen that is released due to free radical reac- 
tions occurring in the hydrated specimen. There 
is no evidence for the production of molecular 
oxygen which has a different characteristic spec- 
trum with an L-edge at ~ 8 eV and a sharp 
pre-edge peak at ~ 5  eV [26]. The fact that 
bubbling is not observed in pure water, except at 
much higher doses and in thick specimens, indi- 
cates that the organic molecules play an essential 
role in the production of hydrogen; the water is 
not simply split into hydrogen and oxygen. If no 
organic molecules were present there would pre- 
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Fig. 6. Hydrogen K-edge from gas bubbles (solid line) ob- 
tained by subtracting the spectrum of undamaged glycerol 
from the spectrum of damaged glycerol - no correction was 
made for plural inelastic scattering• Comparison is made with 
spectrum from pure hydrogen gas (dashed line) recorded by 
Ahn and Krivanek [26]• 

sumably be a high probability for recombination 
of the hydrogen and hydroxyl radicals. As dis- 
cussed by Symons [7] the organic molecules could 
react rapidly with the hydroxyl radical to extract 
hydrogen. There are many possible reactions that 
could occur by ionization of atoms in the speci- 
men and we cannot determine which of these are 
the most important. However, the following is 
one pair of reactions that would liberate molecu- 
lar hydrogen: 

H 2 0  --~ H ' +  OH',  

O H ' +  R - H  ~ R O ' +  H2, 

where R - H  represents an organic molecule and 
one of its hydrogen atoms. It is interesting to 
estimate the pressure of the hydrogen bubbles 
embedded in the frozen-hydrated specimen. From 
the relative intensities of the hydrogen K-edge 
and the total low-loss signal, including zero-loss 
peak, we can determine the number of hydrogen 
molecules N ,  per unit area of the damaged 
specimen [18]: 

Nn = ½ [/H(A ' fl)/IT(A,/3)1 [O.H(A '/3)] -1, 

where IH(Zl , r)  is the integrated signal in the 
hydrogen K-edge for energy range A and collec- 
tion angle /3, IT(A , fi) is the corresponding total 
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integrated signal in the low-loss spectrum, and 
crH(A ,/3) is the partial inelastic cross section for 
the hydrogen K-edge. The collection semi-angle 
/3 was 10 mrad and the integration range was 10 
eV, which gives a calculated partial cross section 
per  a tom for the hydrogen K-edge of 1.75 x 10 -23 
m z a tom-1  for a beam energy of 100 keV. Notice 
that we include a factor of 1 / 2  in the above 
equation to provide the number  of hydrogen 
molecules rather  than the number  of hydrogen 
atoms per  unit area. This gives a value for the 
number  of hydrogen molecules per  unit area of 
the specimen as 2 × 10 21 m -2. From the known 
electron dose we therefore find that on average 
one hydrogen molecule is formed for roughly 
every 20 electrons incident on a specimen of 
thickness one inelastic mean  free path. From 
images such as Fig. 4 we can also determine that 
there are about 300 hydrogen bubbles per  square 
micrometer  of the specimen and therefore ap- 
proximately 7 × 106 hydrogen molecules per  bub- 
ble. Since the bubbles have a mean  diameter  of 
~ 50 nm, we can estimate the number  of 
molecules per  unit volume as n n =  10 29 m -3 
which is an extremely high density. If  we assume 
that  the hydrogen behaves as an ideal gas then: 

P=nHkT. 

Putting in values for Boltzmann's  constant k and 
the absolute tempera ture  of T = 100 K, we obtain 
a pressure of ~ 10 s N / m  e which corresponds to 
~ 1000 bars, and departure  from ideal gas behav- 
ior makes  this a lower estimate. It  seems reason- 
able that small bubbles containing gas at even 
higher pressures would expand to reduce the 
stress in the solid. If  the bulk elastic modulus 
were similar to that  of hexagonal ice at - 1 6 ° C  
which has a value of ~ 101° N m -2 [28] then the 
volume strain would be reduced to approximately 
10 -z.  Finally, we note that the high gas density in 
the bubbles may be responsible for the observed 
"blue-shift"  upward in energy of the hydrogen 
K-edge by ~ 0.5 eV mentioned above. A similar 
phenomenon  has been  repor ted by Fink [29] for 
helium and this can be attributed to effects of the 
Pauli exclusion principle as the excited state wave 
function overlaps the ground state wave functions 
of surrounding atoms. 

4. Conclusions 

Cryo-electron energy loss spectroscopy of 
frozen-hydrated specimens provides useful infor- 
mation that is complementary to that obtained by 
cryo-electron microscopy. We have shown that 
the technique can distinguish between vitreous 
and crystalline ice and should therefore be help- 
ful in characterizing hydrated specimens in the 
analytical electron microscope. At  present  we 
have a plausible explanation of some but not all 
the features in the ice spectrum in terms of 
molecular orbitals and excitons. The spectrum 
from frozen organic solutions and biological spec- 
imens can be quantified by considering a linear 
sum of contributions from the water  and organic 
components,  thus providing the basis for deter- 
mining the subcellular water  distribution in 
cryosectioned tissue. Finally, we have made an 
interesting observation regarding the radiation 
chemistry that occurs during the bubbling phe- 
nomenon  in irradiated hydrated specimens. 
Molecular hydrogen was directly identified in the 
bubbles formed by free radical reactions and this 
may provide some further insight into the mecha- 
nisms of radiation damage at cryogenic tempera-  
tures [30,31]. 
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