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We report on photon emissions in the 200–800 nm region resulting from collisions of 200 keV protons with
H2O. The most prominent features observed in the spectrum are the Balmer series of hydrogen and two OH
molecular bands. Several less intense O+ as well as neutral O lines are also observed. The absolute photon
emission cross sections of the major lines and bands were measured. The results indicate that a primary
dissociation pathway involves the formation of H2O+ by removing a 1b2 electron. The unstable H2O+ ion
further dissociates into H++OH or OH++H. The dominant presence of neutral hydrogen lines and O+ lines
leads to the conclusion that the subsequent dissociation of OH+ into H+O+ prevails over the other possible
dissociation pathway leading to H+ and neutral oxygen fragments.
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I. INTRODUCTION

The water molecule certainly is one of the more ubiqui-
tous found in the Earth’s environment, in biological systems,
and also in astrophysical environments. It should be of no
surprise that much interest is devoted to interactions of vari-
ous ions with this molecule.

Recently, there has been renewed interest in the spectros-
copy of water �1�, and also electron impact dissociation of
H2O �2�. Impact from protons and other ions in the energy
ranges of 10 keV up to several MeV has received much at-
tention in the last several years �3–6�. Much of the motiva-
tion for these studies appears to be in the radiolysis of water,
but interests in astrophysical processes are also cited. These
studies have focused on ionization of the target, and mea-
surement of positive ion fragments following dissociation.

Despite the large interest in ion-water collisions, we
report here what appears to be the first complete spectrum
of photon emission from proton impact in the
200–800-nm-wavelength range. The first report of excita-
tions from ion impact on water was a qualitative study of a
mixed ion beam by Polykova et al. �7�. Nussbaum and
Cathers reported on the 306-nm OH band produced by pro-
ton impact �8� and also other ions �9� in the 50–250-keV
range. The last reported study is that of Yousif et al. �10� of
Balmer-� emission for 3–100-keV proton impact which re-
corded both target and projectile emissions. Except for the
study by Polykova et al., the others report cross section mea-
surements for the photon emission which were obtained by
normalization to the well-studied 391.4-nm band of N2

+

�11,12�. Pressure measurements were made with ionization
gauges displaced from the target region, or even McLeod
gauges. Spectrum and photon counting was done with a pho-
tomultiplier tube �PMT� where often the slit widths had to be
adjusted so that a reasonable portion of a molecular band
could be integrated. As such, the reported uncertainties in the

cross sections are as high as 50%. With more modern mea-
surement techniques employed in the current work our un-
certainty for cross section is on average 8% �13�, with the
maximum of 12% due to peak fitting error.

II. EXPERIMENTAL DETAIL

Many of the details regarding the experimental techniques
utilized in this laboratory can be found in previous publica-
tions �13,14�. These details include the accelerator system,
beam measurement, target pressure measurement, as well as
spectrometer wavelength calibration and efficiency measure-
ment.

A major change in the experimental arrangement since
our previous publications is in the target chamber and spec-
trometer. A new spectrometer-CCD �charge-coupled device�
system was installed utilizing an Acton 0.5-m spectrometer
fitted with two 1200-line /mm gratings blazed at 500 and
300 nm with a nominal resolution of 0.08 nm. The new CCD
is a 1340�100 pixels liquid-nitrogen-cooled camera which
greatly reduces the dark current. The new system is more
efficient than our previous spectrometer-CCD unit by about a
factor of 8.

Another major change is a new target chamber. While the
interior design of the chamber with regard to the beam col-
limator, target gas cell and Faraday cup are virtually identical
to the previous chamber, the major change is in the viewing
angle of the spectrometer system. As shown in Fig. 1, we
now view the collision region at the so-called “magic angle”
of 56.47° �11�. At this angle the need to correct the measure-
ments for polarization of the emitted radiation is eliminated.
Also, we are now able to distinguish between projectile and
target emission via Doppler shifted lines.

A stainless steel vacuum-secure vessel was constructed
for the source of the water vapor. Approximately 10 ml of
triply distilled water is placed in the vessel and a cold finger
was immersed in liquid nitrogen in order to freeze the water.
The temperature of the ice was monitored by a calibrated
thermistor. It was found that if the ice was kept at a tempera-
ture of close to −4.0 °C, then a reasonable flow of water
vapor through sublimation would be attained. The vessel was
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connected to the gas cell in the target chamber via a needle
valve. The target gas pressure was kept close to a value of
3 mTorr. At this pressure, and with typical beam currents of
1 �A, we saw a linear variation in photon emission with
beam current and target pressure so that single-collision con-
ditions were assured. Initially, as we introduced water vapor
to the target region we monitored the photon emission from
the 391.4-nm band of N2

+. We did not start the actual mea-
surements on the proton-water collisions until the N2

+ emis-
sion was reduced to near background thus insuring that out-
gassing of the water had been completed.

Spectra were obtained by simultaneously recording inte-
grated beam current, target pressure, and temperature, while
the CCD was exposed for times of 30–180 min. The optical
efficiency of the system was calibrated using a standard lamp
�11,13� and was generally flat from 800 nm down to 350 nm,
then decreased rapidly down to 200 nm due to the CCD sen-
sitivity. This is the primary reason for the differing integra-
tion times. Spectra were taken in 30-nm segments which
allowed us to slightly overlap each spectrum for wavelength
alignment purposes. All spectra were corrected for bias, flat
field, and dark current. We then normalized each 30-nm seg-
ment for system efficiency based on the value of the effi-
ciency of the system at 660 nm. We chose this value due to
the fact that the efficiency is very flat at this wavelength. We
also corrected each segment to a “standard” value of pres-
sure, temperature, and total beam current so that differences
in these values between data collection runs are taken into
account.

As we have measured the efficiency of our optical system
we are able to calculate absolute photon emission cross sec-
tions from our data. Following from Thomas �11,15� the
cross section, without the need for polarization correction, is
given by

� =
4�b�

NI
�E

S
�Sij , �1�

where b is the width of the standard lamp filament used in
the efficiency calibration �0.12 cm�, � is the spectral reso-
lution of the system �0.08 nm�, N is the target density in
molecules /cm3, and I is the projectile current in particles/
sec. �E /S� is the efficiency factor for the system at the par-

ticular wavelength under measurement and is derived from
measuring the photon emission from the standard lamp di-
vided by the known emission rate. This factor is given in
units of emission/cm2 of solid angle per nm bandwidth. Fi-
nally, Sij is the measured photon count rate from the actual
proton-target impact.

In order to measure the photon counts for a particular line
or band, we import the spectral data into OriginPro �16� and
then use the peak fitting routine in the software on each line
to obtain a photon count. While atomic lines were easily fit
with Gaussian curves, the most difficult part of this proce-
dure was in fitting the molecular bands which involved indi-
vidual fitting of the internal structure of the band. Figure 2
shows the 306-nm OH band and the fit obtained.

As a check that our procedure was producing reasonable
values we measured the cross section for the previously men-
tioned 391.4-nm band of N2

+. The most accurate value of
this cross section appears to be that by Thomas �11� which is
an un-normalized value of 1.05�10−17 cm2 ��25% �. We
measure a value of 8.9�10−18 cm2 with the previously
stated uncertainty of 12%. The two values overlap with re-
spect to uncertainty. The absolute variation between the val-
ues would be attributable to the obvious differences in tech-
niques from 1968 to the present work.

III. RESULTS AND DISCUSSION

The spectrum obtained by impacting H2O with 200-keV
protons is shown in Fig. 3. We chose the beam energy of
200 keV for two reasons: First, the accelerator provides a
reasonably large output in beam current that is very stable at
this energy. Second, previous experience in this laboratory
and other studies have shown that the cross sections for pho-
ton emission generally peak towards the lower energies of
50–100 keV, and then fall off rapidly above 400 keV. As
this was the first attempt at getting a spectrum from this
collision process, 200 keV gives us a good compromise be-
tween beam stability or output and emission cross section.
Lower energies provide less beam and stability, but larger

FIG. 1. Basic experimental system of accelerator, target cham-
ber, and optical system.

FIG. 2. �Color online� Illustration of the peak fitting used to
determine total photon counts.
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cross sections. Higher energies provide more beam, but a
quickly decreasing cross section.

As can be seen, the spectrum is dominated by the Balmer
series of hydrogen, the well-known OH bands, and several
O+ lines. The Balmer lines are from target emission rather
than from electron capture processes. We did detect, at a very
low count, the Doppler shifted H� line at the wavelength
expected for the projectile velocity and viewing angle. It is
too small to be seen in the spectrum as scaled.

Between 500 and 650 nm there appears to be a series of
possible molecular bands of relatively low yield. We have
not identified these bands. Also interspersed along the wave-
length range are, other than the lines identified, faint O+, as
well as some neutral oxygen lines, such as the 777-nm O
triplet labeled on the figure.

For the prominent lines shown, we measured the emission
cross section as outlined in the previous section of the paper.
The results are given in Table I. The uncertainty in the cross
section values is 12%.

Comparison of our H� cross section to that as measured
by Yousif et al. is difficult as their data terminate at a beam
energy of 100 keV at which their cross section is 1.08
�10−17 cm2. Their data are normalized to previous work
�17� which in turn is normalized to the N2

+ of Thomas �12�.
Thus while they state a net uncertainty of 20%, it may rise as
high as 50%. Previous work from this laboratory �18� has
shown that at these energies photon emissions cross sections
generally fall off as 1 /E with projectile energy. Using this
model we estimate Yousif et al.’s cross section at 200 keV to
be 5.4�10−18 cm2 which is about a factor of 10 larger than
our reported value. Other than differences in techniques, it is
difficult to account for the discrepancy.

When we compare our 306-nm OH band result to that of
Nussbaum and Cathers �8�, the results are better. They report
two cross sections at 150 and at 250 keV. Taking the average
between these values yields �1.75�0.9��10−18 cm2 for
200 keV. This compares to our value of �8.9�1.0�
�10−19 cm2 and the values overlap within their respective
uncertainties. However, Nussbaum and Cathers normalized
their cross section to an earlier N2

+ value that Thomas has
shown to be in error �11�. By using the more accurate later
value by Thomas �12� we can adjust their cross section to
�5.8�3.0��10−19 cm2 which also overlaps our value within
the uncertainties. The differences can perhaps be accounted
for by our fitting of all the observed structure within the
band, and also difference in target pressure measurements,
use of digital imaging, etc.

Gobet et al. �4� have given a very good summary of the
overall data with regard to ionization processes in the proton-
water collision which shows a large decrease in the electron
capture cross section above 100-keV beam energy. This is
consistent with our observation of very little H� emission
from the projectile.

The valence electronic structure of water consists of the
�2a1�2�1b2�2�3a1�2�1b1�2 orbitals in order of increasing en-
ergy �19�. Tan et al. �20� through a photoionization study
have identified dissociation pathways for the H2O+ ion. The
dissociation proceeds mainly through removal of 1b2 and 2a1
electrons. In particular they identify the 1b2 state as leading
to both H++OH and also OH++H dissociations. Using Tan
et al.’s results as also applied to their own study of positive
ion production from proton-water collisions, Luna et al. �6�
suggest that the excited OH+ ion formed in the 1b2 dissocia-
tion channel can further lead to the following pathways:

�OH+�* → H + O+, �2�

�OH+�* → H+ + O. �3�

The presence of neutral OH, H, O, as well as O+ emissions
from our spectrum certainly indicate that all these processes
are occurring. However, the dominance of the neutral hydro-
gen emissions, and also the relative preference of O+ over
neutral oxygen emissions, suggest that the process �2� above
is a preferred channel once OH++H is formed from the re-
moval of a 1b2 electron.

FIG. 3. Spectrum of H++H2O collision at 200-keV beam en-
ergy. The spectrum has been corrected for instrument sensitivity and
differences in target pressure, temperature, and total integrated
beam.

TABLE I. Photon emission cross sections for the major features
seen in the collision spectrum produced in H++H2O collisions at
200 keV. Uncertainty is 12%.

� �nm� Species � �cm2�

648 O+ 2.4�10−20

656 H� 6.6�10−19

486 H� 1.3�10−19

434 H	 5.2�10−20

410 H
 2.7�10−20

397 O+ 1.2�10−20

306 OH band 8.9�10−19

280 OH band 6.7�10−19

230 O+ 1.7�10−20

244 O+ 1.4�10−20
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IV. CONCLUSIONS

We have presented the spectrum in the 200–800-nm
wavelength range of photon emission produced in collisions
of 200-keV H+ with H2O. The results show the presence of
OH molecular bands and the Balmer series of hydrogen. We
have measured absolute cross sections for these emissions.
The results indicate that excited neutral fragments also arise
in the dissociation of the water molecule. We suggest that our
results indicate, when taken with other measurements of
positive ion production, that a primary pathway involves a
removal of a 1b2 electron to form H2O+ which then leads to
dissociation of both �OH�*+H+, as well as �OH+�*+H.
However, the presence of strong H emissions suggests that
the subsequent dissociation of the �OH+�* molecular ion fa-
vors fragmentation into neutral H* and �O+�*.

We plan in the future to measure the emission cross sec-
tions for the prominent lines in the spectrum over the colli-
sion energy range of 50-400 keV. These data should give an
indication of how the process of dissociation into neutral
excited fragments changes with collision energy. For ex-
ample we would expect to observe more Doppler shifted
Balmer lines at the lower energies as the electron capture
process increases in probability.
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