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Total electron-H2O scattering cross sections have been measured from 50 to 5000 eV with experimental
errors of about 5%. Integral elastic and inelastic cross sections have been calculated over a broad energy range
�1–10 000 eV� with an optical potential method assuming an independent atom representation. Dipole rota-
tional excitations have also been included in the framework of the first Born approximation. From a detailed
evaluation of the present results and their comparison with previous theoretical and experimental data, a set of
recommended integral cross sectional data is provided. By combining these data with an average excitation
energy derived from the experimental energy loss spectra, the stopping power of electrons in H2O has been
obtained from 5 to 5000 eV.

DOI: 10.1103/PhysRevA.76.052707 PACS number�s�: 34.80.Bm, 34.80.Gs, 34.50.Bw

I. INTRODUCTION

In the past few years, radiation damage in biomolecular
systems has been the subject of extensive research work.
Recent studies show that secondary electron interactions
with atoms and molecules constituting the medium are the
main cause of this damage �1,2�. In addition, these studies
are also relevant for some beneficial applications of radiation
in medical diagnosis and radiotherapy. For these reasons, ac-
curate radiation interaction models, that include secondary
electron effects, require electron scattering cross sections
over a wide energy range, in principle, from the high energy
of the primary particle slowing down to thermal energies.
Although these parameters have been widely studied for dif-
ferent atomic and molecular targets �3–5�, most of the work
has been restricted to the low energy domain. From the ex-
perimental point of view electron scattering cross section
data for energies above 500 eV are scarce. Concerning cal-
culations, a complete scattering treatment is not affordable at
these energies and some approximations are required. For
high energies, it is customary to use the first Born approxi-
mation to calculate cross section data, both for elastic and
inelastic scattering. However, we have shown �6–9� that this
approximation overestimates cross section values for simple
life relevant molecules such as N2, O2, CH4, and CO2 even at
5000 eV incident electron energy. At intermediate and high
energies �50 to 5000 eV� optical potential calculations as-
suming an independent atom configuration, have proven to
be a simple and powerful tool �10–12� applicable to different
sized molecules, from diatomic molecules to complex bio-
molecules �13�.

One of the most important molecules for biological sys-
tems is water. Consequently, electrons interacting with H2O
molecules have been studied, both theoretically and experi-
mentally, by means of different techniques. Results from
these studies can be found in recent reviews �14,15� where
tables with recommended cross sections for most representa-
tive collision processes can also be found. A significant num-

ber of experiments and calculations were surveyed to get
these cross section values. Discrepancies between these com-
piled data for such an essential parameter as the total electron
scattering cross section are about a factor 2 for energies be-
low 10 eV and reliable data for energies above 1000 eV are
almost nonexistent. Not much better is the situation for the
ionization cross sections where discrepancies of about 25%
persist from threshold to 1000 eV and no recent measure-
ments can be found in the literature for higher energies.
Computational efforts made in the last few years to improve
precision in particle track simulations could be in vain if the
accuracy of the cross section data on which they are based is
not improved.

In addition, an important parameter to evaluate radiation
effects in medical and environmental applications is the elec-
tron stopping power �STP�. Results for these parameters, cal-
culated with the Born-Bethe procedure described in �16�, can
be found in the NIST databases �17�. We have recently
shown �18�, for methane based tissue equivalent materials,
that STP values derived from a combination of the electron
scattering cross sections with the experimental energy loss
spectra showed important discrepancies with those of �17�. A
similar study for H2 �19� suggests that some of these discrep-
ancies are caused by the experimental uncertainty related to
inner shell excitation processes. It is worthy to achieve
analogous results for H2O, where these processes can be rel-
evant for energies above 500 eV.

Motivated by the above considerations, in this paper we
present total electron scattering cross section �TCS� measure-
ments which were performed in a transmission-beam experi-
ment for incident energies between 50 and 5000 eV as well
as total ionization cross sections derived from the simulta-
neous measurement of electron and ion currents for those
electron energies. Integral elastic and inelastic cross sections
in the energy range 1–10 000 eV have been calculated with
an optical potential method in the framework of an indepen-
dent atom representation. Present results have been com-
pared with available theoretical and experimental data to
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give a complete set of recommended integral electron scat-
tering cross sections from 5 to 5000 eV. Following the pro-
cedure described in �19�, these recommended values have
been combined with the average excitation energies derived
from our experimental energy loss spectra to obtain electron
stopping powers in H2O. The compatibility of this STP data
with those of the NIST database will be discussed.

II. MEASUREMENTS

The experimental setup to measure TCS and energy loss
spectra was based on that reported previously �20� including
the recent improvements described in �21�. Here we will de-
scribe it briefly giving some details about the modification of
the system required for a simultaneous measurement of elec-
tron and ion currents. A schematic of the apparatus is shown
in Fig. 1. The primary beam was produced by an emitting
filament. A combination of magnetic and electrostatic fields
controls the direction of the beam and reduces the energy
spread to 100 meV. The collision chamber containing the gas
target was a stainless steel tube defined by two apertures. The
entrance aperture was 0.5 mm in diameter. Different exit ap-
ertures with 1, 2, and 3 mm diameter as well as two different
lengths of the collision chamber of 10 and 50 mm, respec-
tively, were used according to the experimental require-
ments. The gas pressure in the chamber was measured with
an absolute capacitance gauge �MKS Baratron 127A� and it
was varied from 0.1 to 10 mTorr according to the experi-
mental conditions. Electrons emerging from the collision
chamber were deflected by a quadrupole electrostatic system
to select the angle of analysis. The energy analyzer was a
hemispherical electrostatic spectrometer in combination with
a retarding field. In these conditions the energy resolution of
the spectrometer was about 0.5 eV for the whole energy
range considered here. Transmitted electrons through the
analyzer were finally detected by a channel electron multi-
plier operating in single pulse counting mode. Counting rates
were typically on the order of 103 s−1 for total cross section
measurements and up to 104 s−1 through the energy loss
spectra determination. The maximum angular acceptance of
the energy analyzer was 1.9�10−5 s r.

To measure the ionization cross section, a parallel plate
system was placed in the collision chamber. It consists of

two circular copper plates of 30 mm diameter. One of them
was equipped with a guard ring to ensure homogeneity of the
electric field around the central ion collecting area of 10 mm
diameter �see Fig. 1�. In order to measure the average elec-
tron and ion currents, which were proportional to the actual
current values, the electron beam was pulsed by applying a
+10 V train of pulses to the gun control electrode, each of
10−5 s duration and having a repetition rate of 104 Hz. Ex-
tractive pulses of variable amplitude, up to +400 V, in syn-
chronism with the electron beam pulses, were applied to the
ion collecting plates. In these conditions, relative ionization
cross section, as a function of the electron current, can be
derived from the ratio ion/electron current for a given mo-
lecular density.

The whole system was differentially pumped by two turbo
pumps of 70 and 250 l /s, respectively, reaching a back-
ground pressure of 10−8 Torr. The pressure in the electron
gun and energy analyzer region was maintained lower than
10−6 Torr during the measurements.

TCS have been measured for energies between 50 and
5000 eV. Energy loss spectra were measured in the region
10–5000 eV at different scattering angles. These angles
were selected by deflecting the scattered beam with a quad-
rupole electrostatic plate system. For each energy the mean
excitation energy has been obtained by averaging energy loss
spectra at different scattering angles. Since the intensity of
the scattered signal decreases with the angle, the maximum
scattering angle reached for a given energy was that for
which the intensity of the inelastic peaks were less than the
10% of the corresponding intensity at 0°. This process en-
sures that the main contribution of the inelastic scattering,
about 90%, has been included in our average procedure. A
detail of the energy loss distribution function derived from
the above procedure is shown in Fig. 2.

Relative ionization cross sections were measured from 50
to 5000 eV. Typical mean currents of the pulsed electron and
ion beams were between 10−8 and 10−11 A, respectively, for
gas pressures in the range 10−4−10−3 Torr. These relative
values were put on an absolute scale by normalizing to the
electron impact ionization cross section for N2 at 1000 eV
which was assumed to be �3.05±0.19� a0

2 in accordance with
previous measurements available in the literature �22–26�.

FIG. 1. �Color online� Experimental apparatus: 1, electron gun;
2, transverse magnetic field; 3, 7, quadrupole electrostatic plates; 4,
6, 8, decelerating and accelerating lenses; 5, scattering chamber; 9,
hemispherical electrostatic energy analyzer; 10, channel electron
multiplier; 11, 12 vacuum turbo pumps; 13 ion collecting plates.

FIG. 2. Energy loss distribution function of electrons in water
from 0 to 100 eV.
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III. CALCULATIONS

The optical potential method described in previous papers
�10–12� has been used to calculate differential and integral
elastic as well as integral inelastic electron-H2O scattering
cross sections. The calculation includes the recent adjust-
ments we have introduced in the potential which signifi-
cantly improved results for many molecular targets, both for
integral �11� and differential �12� cross sections, especially in
the low energy region. As this method considers the inelastic
scattering as electron-electron interaction processes, only
those arising from electronic excitation are considered, being
rotational and vibrational excitations ignored. This restriction
is not significant in general for the relatively high energies of
our calculations but in the case of water, due to its permanent
dipole moment, rotational excitation becomes more impor-
tant than previously studied systems with this technique. To
account for this, the procedure suggested in �27� was used.
The method consists in the calculation of the rotational ex-
citation cross section for a free electric dipole by assuming
that the energy transferred is low enough, in comparison with
the incident energy, to validate the first Born approximation
�FBA�. In these conditions, we have calculated an average
rotational excitation cross section J→J� for water at 300 K
by weighting the population of the J rotational quantum
number at that temperature and assuming an average excita-
tion energy. These rotational excitation cross sections can be
added to the integral inelastic cross section.

Following the above procedures we present calculated in-
tegral electron scattering cross sections �elastic, inelastic, di-
pole rotational excitation, and total� from 1 to 10 000 eV.
The reliability of these results will be discussed in the next
section in comparison with the experimental data.

IV. RESULTS AND DISCUSSION

TCS measured in this study, from 50 to 5000 eV, are
shown in Table I and plotted in Fig. 3. The estimated experi-
mental errors of these data are less than 5% �see Ref. �20� for
a detailed analysis of the main error sources�. Representative
previous measurements �28–36� are also included in this fig-
ure for comparison. As shown in this figure, there is a good
agreement, within 10%, between present and previous ex-
perimental data from 50 to 1000 eV impact energies. Above
this value, the only previous experimental data �31� diverge
from those of the present work reaching discrepancies of
about 30% at 3000 eV. The origin of this discrepancy has
been widely discussed in preceding papers �37–39� and, as
shown in Ref. �39�, it is motivated by the poor energy and
angular resolution used in Ref. �31�. Regarding theoretical
data, Table I includes our calculated integral elastic, integral
inelastic �absorption potential contribution�, and dipole rota-
tional excitation �from the FBA� cross sections. As may be
seen in Fig. 3 total electron scattering obtained by adding
those partial ones show an excellent agreement with our ex-
perimental data in the overlapping energy region
�50–5000 eV�. However, recent model potential calculations
given in Ref. �40� deviate from ours for energies above
1000 eV following the aforementioned tendency of the ex-

perimental data of Ref. �31�. Considering that the accuracy
of the model potential calculations should increase with en-
ergy, the origin of this behavior is not clear but its high
energy tendency is shown in Fig. 4 and will be discussed
later.

Going to the low energy region, important discrepancies
between theory and experiment arise below 10 eV. While
our approximate calculation agree reasonably with those
given by the R-matrix method of Ref. �41� from 0.5 to 5 eV,
early experiments give much lower values, a factor of 2 on
average, in this energy range. As has been discussed by sev-
eral authors �15,35�, this discrepancy is motivated by the
inability of these experiments to resolve dipole rotational
excitations which are dominated for the J=0→J=1 transi-
tion of 4 meV excitation energy being electron scattered
preferably in the forward direction. Kimura et al. �35� have
recently corrected the measurements of Sueoka et al. �29� for
this effect, as well as for other systematic errors, giving a
complete set of data �see Fig. 3� that were considered by
Itikawa and Mason �15� as recommended values for energies
between 1 and 400 eV. However, a recent study of Čuric et
al. �36� based on accurate transmission measurements leads
to low energy total cross section values which are between
the previous measurements and the calculated ones. This
situation can be understood if we consider that, unlike pre-
ceding measurements, the 1.6 meV energy resolution used in
�36� is good enough to resolve rotational molecular excita-
tions and therefore the observed total cross section increases
with respect to that of previous experiments. However, as
measurements were carried out at room temperature, these
excitations do not arise all from the lowest J=0 rotational
state but from a distribution of different J up to J=8, leading
to results lower than the calculations shown in Fig. 3, which
consider all the excitations from the lowest rotational level.
As a consequence, a direct comparison between theory and
experiment at low energy is not possible unless we are con-
sidering the same initial conditions for the target: Cooling
the target molecules to their ground rotational state in the
experiments or considering an initial rotational population
distribution in the calculations.

Turning to the high energy region, an important aspect is
to compare the total cross section with those predicted by the
first Born approximation and the Bethe theory �41–43�. It is
customary to assume that these apply at high incident elec-
tron energies. However, as mentioned in the introduction sec-
tion, we have found in previous studies �6–9� that these ap-
proximations overestimate the total cross section, and mainly
the elastic part, for simple molecules as N2, O2, CH4, and
CO2 even at 5000 eV. It is worth checking this point for the
case of H2O in order to look for the energy limit at which the
Born approximation can be considered valid, thus providing
a method to extrapolate cross section values at really high
energies. Assuming an independent atom representation, total
electron scattering from H2O molecules can be derived from
those of their constituent atoms. Using the Born-Bethe pa-
rameters for H and O calculated in Refs. �42–44�, the fol-
lowing expression may be written:
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�T =
1

E
�1890 + 765.8 ln�E� −

1

E
38342� , �1�

where �T is the total electron scattering cross section in a0
2

units and E is the incident electron energy in eV. Figure 4 is
a plot of �TE as a function of ln�E� for data from Eq. �1� and
for available theoretical and experimental values at energies
above 1000 eV. As expected, data from Eq. �1� for increas-
ing energies give a straight line which can be considered as
the asymptotic behavior of the total cross sections. This be-
havior is followed both for our calculations and experimental
data which tend to the Born-Bethe limit, being the difference
only of 10% at 5000 eV. However, the experimental data of
Ref. �31� and the calculations of �40�, above 1000 eV, show
a tendency divergent from the Born-Bethe limit.

Experimental ionization cross sections derived from this
study are also shown in Table I and plotted in Fig. 3. Experi-

mental errors, including the accuracy of the normalizing pro-
cedure, have been estimated at about 7%. As shown in Fig. 4
there is an excellent agreement, within 5%, with accurate
measurements of Ref. �22�. However, recent calculations
show important discrepancies with these experiments: values
of Ref. �40� tend to be lower than the present ones reaching
discrepancies of about 20% at 2000 eV while the distorted
wave born approximation used in �45,46� are higher than the
experimental ones with differences of about 30% for ener-
gies above 500 eV.

As mentioned in the Introduction section, reliable stop-
ping power data for electrons in water are essential param-
eters in radiation based medical applications. The method we
applied for other molecular targets has proven to give more
accurate results than available databases �16,17�, which are
based on Born-Bethe calculations, when a consistent set of
cross section data is accomplished. The set we are proposing
for that purpose consists of the present experimental results

TABLE I. Experimental and theoretical integral electron scattering cross sections obtained in this
study.

Calculation �a0
2� Experiment �a0

2�

Energy �eV�
Elastic
��el�

Inelastic
��inel�

Rotational
��r�

Total
��tot�

Ionization
��ion�

Total
��tot�

1 107 356 463

1.5 98.4 253 352

2 90.4 199 289

3 76.0 141 217

4 64.2 110 174

5 55.5 90.7 146

7.5 47.1 0.001 63.8 111

10 42.4 0.05 49.6 92.0

15 35.7 1.77 34.7 72.2

20 30.1 5.47 26.9 62.5

30 22.2 11.4 18.7 52.3

40 18.2 12.9 14.5 45.6

50 15.6 13.1 11.9 40.6 6.65 36.6

75 11.9 12.4 8.24 32.5 7.95 30.7

100 9.77 11.4 6.35 27.5 8.26 26.4

150 7.42 9.73 4.40 21.5 7.72 21.2

200 6.11 8.50 2.39 18.0 6.93 17.9

300 4.65 6.84 2.34 13.8 5.74 14.1

400 3.83 5.75 1.80 11.4 4.88 11.6

500 3.28 5.00 1.46 9.74 4.29 9.66

750 2.45 3.78 1.01 7.24 3.16 7.09

1000 1.98 3.07 0.775 5.82 2.54 5.66

1500 1.44 2.25 0.533 4.22 1.83 4.12

2000 1.14 1.78 0.408 3.33 1.45 3.29

3000 0.814 1.26 0.280 2.35 1.05 2.41

4000 0.635 0.987 0.215 1.84 0.845 1.92

5000 0.523 0.811 0.174 1.51 0.702 1.60

7500 0.366 0.566 0.120 1.05

10000 0.284 0.436 0.0914 0.811
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from 50 to 5000 eV with error limits of ±5%. For lower
energies, we propose an average of experimental data given
in �30,35� to be used from 40 to 7.5 eV with statistical de-
viations between 5 and 18%, respectively. Below 7.5 eV ex-
perimental disagreements are larger than 20% and no experi-
mental data can be recommended without specific
considerations about the experimental conditions �tempera-
ture, energy distribution of incident electrons, scattering ge-
ometry�. Finally, our calculations can be used to extrapolate
data from 5000 eV to 10 000 eV. Above 10 000 eV, Eq. �1�
provides reasonable TCS values. Estimated uncertainties of
extrapolated data are about 10%. Recommended experimen-
tal data from 7.5 to 10 000 eV are shown in Table II. These
values have been used to derive the collisional stopping
power �−dE /dx�col, or energy loss per unit path length �x�, of
electrons in H2O according to the expression �19�

−
1

�
�dE

dx
�

col
=

Na

M
Ē�inel, �2�

where � is the density of the target, �inel is the integral in-
elastic cross section, Na is the Avogadro constant, M the

molar mass, and Ē is a mean excitation energy that has been
derived from the experimental energy loss spectra for inci-
dent energies ranging from 10 to 5000 eV. Rotational exci-
tation has not been considered in this procedure as far as the
transferred energy is of the order of a few meV which is
negligible in comparison with the electronic excitation
threshold, about 6.5 eV. Confirming this assumption, below
6.5 eV no inelastic signal was detected in our experimental
energy loss spectra. Above this energy, mean excitation en-
ergies increase with incident energies up to 32±2 eV at
500 eV. Beyond the inner shell excitation threshold this val-
ues raise up to 40±2 eV remaining almost constant, within
10%, from 750 to 5000 eV incident energies.

Equation �2� can be expressed as a function of the total

cross section by introducing a parameter �=�inel /�tot as fol-
lows:

−
1

�
�dE

dx
�

col
=

Na

M
Ē��tot. �3�

The � values derived from our optical potential calculation
are shown in Table II.

Mass stopping powers obtained by introducing � and �tot
values of Table II in Eq. �3� are also shown in this table and
plotted in Fig. 5 for comparison with previous data. By com-
bining the uncertainty of magnitudes involved in Eq. �3�, a
total error of ±15% can be assigned to the present stopping
power values. These parameters have been the subject of
recent theoretical studies �47–51� in water, both for gas and
liquid phase. From these references we can conclude that
latest calculations present a general agreement as far as stop-
ping power of electrons in water vapor is concerned, as well

FIG. 4. Fano plot �total cross section multiplied by electron
energy as a function of energy in a logarithmic scale�: �, present
experimental data; �, experimental data from �31�; - - -, present
optical potential calculation; —, calculation of �40�; -·- Born-Bethe
calculation.

FIG. 3. Total electron scattering and ionization cross sections
from H2O. Present measurements: �, total scattering; �, ioniza-
tion. Other measurements: �, �31�; �, �36�; �, �30�; �, �35�; �,
�32�; �, �28�; �, �22�. Calculations: - - -, present optical potential
calculation; —, R-matrix calculation of �41�.

FIG. 5. Mass stopping power of electrons in H2O. �, present
results; �, values given in NIST database �17�; gas phase calcula-
tions: — �48�, -·- �47�; liquid phase calculation: - - - �49,50�.
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as for the liquid phase, in the range 10–10 000 eV, converg-
ing to the NIST reference values �17� for energies above
10 keV. By introducing the present results in the discussion,
Fig. 5 shows that our semiempirical stopping powers are in
reasonable agreement, within the error limits, with previous
calculations for energies ranging from 100 to 10 000 eV.
However, below 100 eV while previous data tend to decrease
present results continue increasing to reach a maximum
value around 75 eV which is about 30% larger than those
given in Refs. �48,49� for that energy. This tendency is even
more prominent as compared with data corresponding to the
liquid phase. Since this discrepancy could be originated in
the relevance that our study gives to nonionizing inelastic
excitations, differences with the liquid phase can be attrib-
uted to the strong dependence of these channels on the sur-
rounding conditions of the molecule. However, at present no
explanation has been found for discrepancies with the gas
phase data. It seems that inelastic processes in previous stud-
ies are dominated by ionization which reaches maximum
cross sections around 100 eV while nonionizing excitations
have their maximum values at lower energies. Further ex-
perimental studies would be desirable to clarify this point.

V. CONCLUSIONS

In this study, we present accurate experimental cross sec-
tions for total electron scattering and total electron impact
ionization from 50 to 5000 eV. These data are relevant pa-
rameters for radiation-based medical applications. Present re-
sults confirm that, in contrast with the behavior derived from
previous high energy measurements �31� and calculations
�40�, integral electron scattering cross sections above
1000 eV tend to those predicted by the Born approximation,
reaching a reasonable agreement at 10000 eV. Integral cross
section data have also been calculated with an optical poten-
tial method over a broad energy range �1–10 000 eV� show-
ing an excellent agreement with experiments above 10 eV.

From a comprehensive analysis of available experimental
and theoretical data a set of recommended total scattering
cross section from 10 to 10000 eV is provided. Below this
energy we conclude that no recommendations can be given
without additional considerations about the experimental
conditions.

By combining the recommended cross section data with
experimental energy loss spectra and calculated integral

TABLE II. Recommended total scattering cross sections, inelastic-total cross section ratio ���, and mass
stopping power for electrons in H2O from 7.5 to 10000 eV.

Mass stopping power �MeV cm2 /g�

Energy �eV�
Total cross
section �a0

2�

Inelastic-total
cross section

ratio ��� This work Ref. �48� NIST �17�

7.5 84.0 0.00001 0.00497

10 78.8 0.00054 0.3425 0.4584

15 68.0 0.0245 18.53 5.845

20 59.6 0.0876 75.84 29.75

30 47.9 0.218 181.3 83.66

40 41.4 0.283 245.8 136.5

50 36.6 0.323 267.4 175.5

75 30.7 0.381 298.9 231.3

100 26.4 0.414 288.9 254.7

150 21.2 0.451 260.1

200 17.9 0.472 243.9 256.9

300 14.1 0.494 206.4 232.0

400 11.6 0.505 175.8 208.1

500 9.66 0.513 149.8 187.7

750 7.09 0.522 126.3

1000 5.66 0.527 111.8 125.4 121.8

1500 4.12 0.532 82.26 93.12

2000 3.29 0.534 65.93 74.44 76.23

3000 2.41 0.535 48.33 56.18 56.89

4000 1.92 0.537 38.66 45.62 45.94

5000 1.60 0.537 32.23 38.66 38.82

7500 1.16 0.538 23.40 28.50

10000 0.92 0.537 18.52 22.65 22.70
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cross sections we have derived semiempirical stopping pow-
ers of electrons in water vapor which agree with previous
calculations for energies above 100 eV. For lower energies,
discrepancies of about 30% have been found both in the
position and the value of the maximum stopping power. No
reason has been found when comparison is made between
gas phase data. According to our model, subionizing inelastic
channels have more weight than assumed in previous studies
�48,49�.

In spite of the great number of publications devoted to
electron interactions in water, some aspects of the low energy
electron scattering with water molecules remain unclear and

further studies in this region will be desirable, particularly
due to their relevance for living systems.
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