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Search for the plasmon in condensed water
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Creation of plasmons in water by energetic particles in biological tissue is important because this form of
energy can migrate from the place of excitation and be transferred to nearby molecules like DNA. We have
searched for evidence of plasmons in solid water, using electron-energy-loss and secondary electron spec-
troscopies excited by 70—1000-eV electrons. We find that the energy of the main excitation, often attributed to
plasmons, depends on the energy of the exciting electron, unlike the expected plasmon behavior. The energy
spectrum of secondary electrons shows the presence of autoionization, but no evidence of plasmon decay.
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Electronic excitation in water by ionizing radiation may differs from that typically used in transmission electron
cause dissociation when it is converted into molecular momicroscopy:® and from the very low energigs<19 eV) used
tion through repulsive interactions. This type of radiationto study excitation of lattice vibratiohsand excitonsg? The
damage can have consequences ranging from the stability g€ of EELS in our energy range to study solids was re-
biological systems to the erosion of icy planetary satellites/iewed recently™
and rings, comets, and interstellar grains. Complex calcula- 1he experiments were done in an ultrahigh-vacuum sys-
tions in radiation biology and dosimety’ require as input tem. Ice was grown by passing purg® vapor through a
the spectra of electronic excitations and the energy distribucapillary array onto a Mo substrate cooled by liquid nitrogen,
tions of electrons from ionization events. In spite of decadesinder conditions known to lead to the growth of the amor-
of studies of optical-absorption and electron-energy-los®hous phas& Crystallization by annealing to the cubic
spectroscopy of condensed water, the interpretation of thehase did not produce significantly different spectra, in
findings in terms of energy levels and individual physicalagreement with the report that high-energy EELS spectra are
processes remains controversial. For instance, the most likei)Sensitive to the phase of icé Electrons were incident at
energy absorption in condensed water, which occurs2tt ~ 40° to the surface normal. Backscattered and secondary elec-
eV, was first proposed to be due to plasnfobased on an trons emitted with an angle of 132°2° in a cone around the
estimate by PlatzmahThis interpretation was questioned by incident beam were energy analyzed by a double-pass cylin-
Daniels® based on measurements of energy-loss spectra félical mirror electrostatic spectrometer. The spectrometer
high-energy electrons in liquid water. Nevertheless, the plaswas operated at constant pass energy of 50 eV, with a reso-
mon idea continued to be developed theoreticafignd was  lution of 0.2 eV independent of electron energy, and smaller
thought to be confirmed by optical reflectivity measurementdhan the~1-eV energy width of the primary electron beam.
by Helleret al.® who claimed that essentially all the energy The transmission function of the spectrometer was measured
deposited by ionizing radiation in water eventually goes intodnd used to correct the electron energy distributions to obtain
the excitation of collective oscillations at 21 eV. More re- N(E), the intensity of scattered and secondary electrons per
cently, some authors questioned the plasmortnit energy interval.
interpretationt®! while others argued in favor of these de-  Figure 1 shows an energy-loss spectrum taken at 1 keV,
localized collective excitatior® 14 and used the plasmon compared to a photoabsorption spectdinCommon fea-
concept to estimate electron energy spettfdecent inelas- tures are transitions from the valencé,l 3a;, and I,
tic x-ray scattering spectroscopy studfewere not able to levels to the 34a; orbital, at 8.7, 10.4, and 14.5 eV,
draw any conclusions as to the existence of plasmons in ligcespectively’* These energies are blueshifted byl.2 eV
uid water. from the values for the free molecud®due to the repulsive

Whether~20-eV excitation in water is a plasmon or not interaction of the 34a; Rydberg orbital with surrounding
is important because, at excitation and during their lifetime molecules®® The equivalent excitation from the state2is
plasmons are delocalized outside the particle track, and magxpected to be at-28 eV. In contrast to these excitations,
affect nearby molecules when they decay. For examplethe energy difference between the main peaks in the
DNA in biological cells could be destroyed not only by a €lectron- and photon-excited spectra is larger and, as will be
direct hit from an ionizing particle, but by a plasmon pro- seen later, not fixed. To understand commonalities and dif-
duced in the adjacent water; the importance of the latter efferences we recall that the energy loss function in the EELS
fect depends on the spread of the plasmon during its lifetimespectrum is proportional to Im(l/e) :82/(812+822),
and where it decays. We attempt to resolve the controverswheres=¢,+ie, is the complex dielectric constafft This
over the existence of plasmons by using electron-energy-lossorrespondence of energy loss and +ife) is strictly valid
spectroscopyEELS) and secondary electron spectroscopyat high impact velocities, in the domain of the first Born
on amorphous solid water. This solid is a structural analog t@pproximation. In contrast, the optical absorbance is propor-
liquid water, and has a nearly identical electronic excitationtional toe,. The common structure in both spectra of Fig. 1
spectrunt’ The primary electron energy range, 70—1000 eV results wheres, has a peak and; varies slowly(top panel
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FIG. 2. EELS spectrum of amorphous ice at 100 and 500 eV,
0 Py compared with 100-keV data from Ref. 31. The intensity of each
- - |EELS spectrum is normalized so that the height of the main energy-loss
= 6 - |1keVv peak is 1.
5 L
s 4} . o
= I e'aS:c tween electron and photon excitation and the broadness of
= ol pes the structure at~21 eV could be taken as indication of a
"'Zc'/ i P “frustrated plasmon,” a coherent collective excitation that
oLt AN decays before completing an oscillation.

I T I I ST B
0 2 4 6 8 10 12 14 16 18 20 22 24 A further test of the plasmon hypothesis is obtained by
varying the electron impact energy. A recent theoretical
study’® predicted that the shapes of the excitation spectra at

FIG. 1. Bottom panel: electron-energy-loss spectrum of watel00 and 500 eV should be very different, but that the peak
ice at 90 K for 1-eV electrons. Middle panel: optical-absorption energies should be the same. This is not confirmed by our
spectrum of water ice. Top panel: real,] and imaginary §,) experiments(Fig. 2), which show that the shape changes
components of the dielectric constant, and the loss function Invery little, although the peak energy is seen to shift slightly
(—1/e) multiplied by 2. Optical data in the top two panels are from to high values. This shift in peak energy with impact energy
Ref. 23. is an important finding, since the energy of an elementary

excitation like a plasmon should not be affected by the exci-
of Fig. 1. Differences between photon and electron excitatation conditions, except for a small increase with momen-
tion are due to several factors. First, photons excite almogum transferq (dispersion.?® For bulk plasmon excitations,
exclusively dipolar excitations with their transverse electricdispersion produces an increase of plasmon energy when the
field. Fast electrons can produce the same transverse dipad@ergy of the projectile idecreasednd a largen is needed
excitations accessible with photons, and also create a wakKer the same energy transfer. This behavior is opposite to that
of longitudinal excitations like plasmons. Differences in theshown in Fig. 3, which plots the position of the main energy-
shape of the common absorption structure may be due to tHess peak as a function of electron energy, together with
fact that low-energy(<1 keV) electrons can also produce previous result§3°31A possible reason for the shift of peak
singlet-triplet transitions through exchange with target elecenergy with impact energy is that several states contribute to
trons. Broadening of the spectra will result, because exthe peak, each having different excitation probability as a
change and nonexchange transitions have close but differefitnction of electron energy. A candidate is the excited ionic
energies, and result from momentum transfer not possiblel,O" (B) state® giving a photoabsorption peak at around
with photons. In addition, the depth of excitation by low- 17.8 eV in the gas phase, and which should be blue-shifted to
energy electrons is shallow compared with that of photonsabout 19 eV in the solid. Other likely channels are double-
causing a larger probability of producing surface excitationselectron excitationd® which are more likely excited by elec-
which may be different from those in the bulk. trons than by photons.

The “plasmon peak” results when the dielectric constant The observation of secondary electrons provides a second
becomes zero or, more loosely, whep<<1. This corre- tool to search for the plasmons, since the preferred decay
sponds to low screening, and therefore to a large penetrationode of these excitations is the formation of an electron-ion
of the electric field, needed for collective excitations. In ad-pair in an interband transitioff. A ~21-eV plasmon should
dition, the concept of plasmon oscillation is only meaningful produce an excitation spectrum resembling that of ultraviolet
if the oscillation lasts at least one period. This requires thaphotoemission with the Heline (21.2 e\j, or with Penning
g,<1. Although the dielectric constant of water in this rangeionization by He 52s.3* That is, it would show the three
is e1~£,~0.6, so the strict conditions for plasmon forma- peaks due to ionization of thebl, 3a;, and 1, levels,
tion are not really met, both the significant difference be-broadened by the plasmon width. This structure would be
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FIG. 3. Dependence of the position of the main energy loss peak 0'> |
on the energy of the projectile electron. Closed circles, this work; R

A, Otto and LynchRef. 30; V, Daniels(Ref. 6); andO, Leapman
and Sun(Ref. 3, taken at 1.15, 72, and 100 keV, respectively. The
line is meant to guide the eye and has no other meaning.

centered at~7 eV, which is the difference between the
21-eV excitation energy and the separation~df4 eV be-

tween the middle of the valence band and the vacuum level

The measured specttkig. 4) do not show such a structure.

Rather, in addition to the typical secondary electron peak at

~2 eV, we find a structure peaking atll eV, 4 eV higher
than predicted for the plasmon dec&yin Fig. 4 we also
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FIG. 4. Middle panelNg, energy spectrum of secondary elec-

show this structure more clearly, after subtracting a smootffons ejected from a water ice film by 100-eV primary electrons.
background. We interpret those electrons to originate fronfOP panel: ultraviolet photoelectron spectriNy at 21.2 eV(Ref.

the autoionization decay of the state;214a1 (estimated en-
ergy ~28 eV; see aboveresulting in a final hole in a va-
lence level. In contrast to the case of the main peak in th

34). A similar, but broadened, structure would be expected from the
decay of a 21-eV plasmon. Bottom panel: extraction of the 11-eV
geak fromN(E) after the subtraction of the backgrouhg .

EELS spectra, the peak energy of this secondary electr%aose to a minimum ins;, suggests the existence of some

structure does not depend on primary electron energy, a

nd of collective excitation. The spectrum of secondary

therefore is not correlated with the energy of the main 10S$actrons shows no evidence of plasmon decay. Instead, we

peak shown in Fig. 3.
In summary, different experimental evidence presente

here stands against the idea of ordinary plasmons in wate

%scovered a significant decay channel, likely due to an auto-

nization process in the solid which might lead to radiation
EI'amage or desorption of surface molectiféshe conclusion

The main electron-energy-loss peak does not occur at a f'xﬁesented here may be applicable to radiation effects in other

energy, as expected from an elementary excitation, but shif

olecular substances, including DNA, which have been

to high energies as the impact'velocity increases. On thﬂwought to support delocalized plasmon excitatiohs.
other hand, the fact that this main energy loss does not co-

incide with a peak in photoabsorptiqor ,), but occurs
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