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Mass analyzed product ions have been detected in coincidence with the projectile following the ionization of
water by proton impact. Measurement of the projectile charge state postcollision enables the different ioniza-
tion processes to be identified: direct ionization, single electron capture, and double electron capture. A
complete set of partial and total absolute cross sections is reported for the direct ionization and electron capture
processes initiated by proton collisions at 20-150 keV. The cross sections for the direct ionizatigh by H
proton impact are compared with previous electron impact reg8ttawubet al, J. Chem. Phys108 109
(1998)].
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I. INTRODUCTION tion and multiple ionization of water following collisions

The interactions between water molecules and projectile/ith fast protons and Heions. The first complete ion-impact
such as photons, metastable atoms, electrons, and ions arelgfluced molecular breakup pattern for more than two frag-
fundamental importance not only in Physics and Astronomyments was reported. The data provide information about total
[1-4] but also in Biology and Medicing5,6]. Incident rays and partial single ionization, multiple ionization, fragmenta-
can damage living tissue both as a result of direct particletion, kinetic energy release, and angular correlation for each
biomolecule interactions and through processes initiated bindividual impact event. However, Wernet al. [10] could
secondary species such as radicals formed by the dissociatioot distinguish between direct ionization and electron cap-
of neighboring water molecules. Sanche and co-worKéfs ture processes.
recently demonstrated that detailed knowledge of the ioniza- In 2001, Gobett al. [11] applied a novel event by event
tion processes is necessary to achieve a full understanding ahalysis technique to the proton impact ionization of water
biological radiation damage on a microscopic scale. and detected product ions in coincidence with the outgoing

Wide-ranging interest in water has led to a number ofprojectile. The coincident charge state measurement of the
recent cross section measurements for processes initiated pyojectile postcollision and of the product ions enabled the
electron[8], positron[9] and ion impac{10,13. Most work  partial electron capture cross sections for ion impact to be
has featured the electron impact ionization of wa{812  determined the first time. The present paper provides a de-
and references therginvhereas ion impact experiments are tailed description of the calibration techniques applied in or-
very rare. Koopmar{13] published total cross sections in der to obtain absolute cross sections. In contrast to the pre-
1968 for electron capture by 0.1-1.4 keV'He water vapor.  vious work [11] in which only the partial cross sections
In the same year, Toburest al. [14] measured the total elec- corresponding to Hand HO* were reported, a full set of
tron capture cross section for proton-water molecule collipartial cross sections is presented over the incident energy
sions over the energy range 100 to 2500 keV. Doubly differrange. This allows a detailed comparison to be made between
ential ionization cross sections for 300-1500 keV protonthe present proton impact data and the partial electron impact

impact on HO were reported by Toburen and Wilsfib] in  jonization cross sections of Straeb al. [8].
1977. The same group measured doubly differential cross

sections for electron ejection from,8 upon Hé and Hé*
impact between 300 and 2000 kd¥6]. Rudd et al. pub-
lished two papers on the ionization and electron capture The experiments were carried out using a newly devel-
cross sections for 7—4000 keV protph7] and 5-450 keV  oped crossed-beam apparatus shown schematically in Fig. 1.
He" [18] collisions with water molecules. In 1986, Boloriza- Pure molecular hydrogen is ionized in a standard RF-
deh and Rudd reported differential ionization cross sectionslischarge sourcé80 MHz). Typical parameters for the ion
for H,O upon electrorj19], proton[20], and neutral hydro- source are 30 W RF-power and g Bressure of 1@ Torr.
gen atom impacf21]. Beams of singly charged ions are accelerated to energies
More recently, Werneet al. [10] used a position- and between 20 and 150 keV with a resolutidre/E of 0.01.
time-sensitive multiparticle detector to study the fragmentaThe accelerator system is described in detail by Cetral.

II. EXPERIMENT
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FIG. 1. Schematic diagram of the experimental system.

o

[22]. A magnetic sector field is used to separate protons from

other ions such as f1,H;", and ions originating from impu- FIG. 2. Product ion mass spectrum for the ionization gOHby
rities in the source. After collimation by means of two circu- proton impact at an energy of 50 keV. Upper diagram: ions pro-
lar apertures of 0.5 mm radiustsem apart, the proton beam duced by direct ionizatioridi) H"+H,O— ions+H". Lower dia-

is crossed at right angles with an effusive beam of wategram: ions produced by single electron captyeg) H*+H,O
molecules. Distilled water which has been degassed prior to*ions+H. Magnified plotg<350): spectra averaged over the full
the experiment through a series freezing, pumping and thawiange of incident energies studi€z0-150 keV.

ing cycles is kept at a temperature of 255 K throughout the

measurements. The vapor above the ice is introduced o .
through a capillary kept at room temperature. The charge The determination of the mass-to-charge ratio of the prod-

state of the projectile after a collision with a water moleculeUCt ions depends upon the detection of the corresponding
is determined using a magnetic analyzer and three channd?rojectile. Each proton that crosses the interaction region can

trons located at the appropriate positions to detett H° be detected independently of its postinteraction charge state.
and H, respectively. ’ The energy transfer during a collision with a water molecule

A home-built linear time-of-fligh{ TOF) mass spectrom- is negligible in comparison with the kinetic energy of the

eter is used to investigate all the product ions formed by th&"0ton beam(20-150 key. Thus, the precise time at which
impact of a proton upon a water molecule. The instrument idh€ Proton-water beam interaction takes place can be deter-

composed of an extraction region defined by parallel plate_én'ned for each detected projectile. The arrival of a product
(+150 V, 1 cm apajton either side of the water beam, an 'O" produces a pulse at the channeltron detector of the TOF.
acceleration region, a time-of-flight tube of length 120 Cm,The time difference between this pulse and the proton-water

and a channeltron detector. The product ions are extractddf@m interaction equals the flight time of the product ion.
from the interaction region perpendicularly to both the pro-C1€arly, the number of projectiles has to be sufficiently low
ton and water beams and the system can be configured fgr each product ion signal to be correlated to exactly one

detect either positive or negative ions. The extraction an@roiectile. Therefore, only one proton is allowed to cross the
acceleration fields are selected in fulfillment of the condi-Ntéraction region during a time interval equal to twice the

tions defined by Wiley and McLaref23] in order to focus flight time of the heaviest conceivable product ion. For the
incoming ions precisely at the detector entrance. The madyesent experimental arrangement, this limits the primary ion

resolution of the TOF is sufficiently high to separate P&&m current to 2000 protons per second.
H,O*, OH*, and O (see Fig. 2 In contrast to earlier experimentgl0,13-18,2]) the

It is of great importance that the projectile beam does noPrésent method simultaneously provides the mass-per-charge
contain fast hydrogen atoms formed by the neutralization ofti0 Of the product ions and an analysis of the projectile
protons in collisions with the surfaces or the residual gaspo_stlnteractlon. This enables dlrectilonlzatlo'n tp b_e distin-
Thus the background vacuum is maintained below 16rr guished from electro_n_ capture during the ionization pro-
and the alignment of the proton beam is verified prior to eaclf€SSe€s for each collision event. Furthermore, processes in
experiment. Furthermore, single collision conditions are nec!Vhich two or more product ions are formed in a single col-
essary to guarantee the unambiguous identification of readiSion event can be identified. For example, the Coulomb
tions. This is checked by adjusting the density of the watefXPlosion of multiply charged }© molecules observed and
beam such that the total product ion yield varies over a factoptudied in detail by Wernegt al. [10] can also be identified
range of 4. The cross sections and branching rattespar- N the present experiment.
tial cross section corresponding to a specific product ion di-
vided by the total ionization cross sectjare observed to be
independent of the changing target density to within +1%. lll. RESULTS AND DISCUSSION
Therefore, it can be concluded that the product ion signal is
uncontaminated by reactions between hydrogen aio®is- Figure 2 shows the sum of the product ion mass spectra
tralized by electron capture from a water molegidad wa-  corresponding to 50 keV proton,B collisions. The data
ter molecules. plotted in the upper part of the figure correspond to protons

062716-2



IONIZATION OF WATER BY (20-150-keV... PHYSICAL REVIEW A 70, 062716(2004)

hitting the projectile detecto(direct ionization while the 5 10° T T T

lower mass spectrum corresponds to the detection of neutral- ;3 __fh__n a2 8 ,
ized projectiles(electron captune Double electron capture o, - . 29
[24], indicated by the detection of an~Horojectile, is not £ 10" P O 0 o A
observed in coincidence with product ions. In order to im- 2 M go. 10
prove the statistics and reduce the noise for low intensity g » o o’[1[o]]
products, both graphs contain a second mass spectrum that = " ew v v L
was determined by averaging the ion signal for measure- 2 " Twy Vo g (7O
ments over the full range of proton energies. This averaged g 10° M

ion signal is multiplied by 350 and plotted in Fig. 2 over the T e 20 300

ranges 1.3-10 and 33-38 Thomsgmass number/ion Proton energy (keV)

chargg. The absence of a peak at a mass per charge ratio of

36 Thomson indicates that the density of neutral clusters in FIG. 3. Fragment ion yield divided by J@* yield plotted

the water beam must be negligible. Both averaged masagainst proton-water collision energy considering only those events
spectra reveal a clear peak at a mass per charge ratio ofvthere at least one free electron is producsee text for details
Thomson. This represents the first observation ¢f fdrma-

tion by proton impact on kD, although the yield of this

fragment ion is too small to determine its cross section afons. For each fragment ion a factor was determined to cor-
different projectile energies. Direct ionization and singlerect for discrimination. These correction factors are given in
electron capture contribute roughly equally to total ion pro-Taple I. The fragment ion yields presented in the remainder
duction in 50 keV collisions. However, the relative abun-of his paper have been corrected accordingly. Thus it is as-
dance of HO™ and fragment ions differs significantly for the gmed that the discrimination due to kinetic energy release is

two processes. Electron capture is observed to lead to larggigependent of incident proton energy within the range of the
fragment ion signals than direct ionization. present experiments.

Substar_ltial kinetic energy release in a'dissociation Process The present data are normalized to the absolute total cross
can complicate the analysis of fragment ig85]. Low mass  gections for the ionization of water determined by Reddl.
fragment ions, thus released at high veloditgomentum 17} for proton energies between 7 and 4000 keV. Retl.
conservatiojy may be channeled to a detector by an extracyiso measured the cross sectidns) for processes leading
tion voltage W;]th a llov_verl eff|C|e|r|1cy than heavier fragmentsy, he production of a negatively charged particle. The total
[26]. Due to the relatively small geometric acceptance forqqg section for the formation of a positively charged prod-
ions of the present time-of-flight assembily, it is essential t9,ct ion was defined as,. It was assumed that_ is exclu-
check the variation in detection efficiency for the variouSgj el due to the production of electrons and that anion for-
fragments. This is done by comparison with the absolutg,ation can be neglected. The present experimental system
partlal cross sections for thg ionization of water b_y protong|iows the production of anions to be analyzed. In accor-
Impact alt 10fO—350 keV obtained t#’ Werretral. [10] inde-  jance with Rudat al. [17], negatively charged ion products
pendently of any discrimination effects. Werneral. only 56 not observed upon proton impact ionization of water. As
detected collision events producing at least one free electroRy ried out in the previous workL1], it is possible to cali-

These events correspond to direct ionization or electron Cagsyate the present measurements for total ion production using
ture processes which lead to the formation of more than ong, ;. 4ata of Ruddet al [17]. Furthermore, the part of the

. . . [17]. ,

ion or to a multiply charged product. Therefore, the presenfq, gignal used to determine the correction factors related to
partial cross sections for double ionization and multi-ion for'the kinetic energy of fragment ions can be calibrated using
mation by electron capture and for direct ionization are; i, grder to determine absolute cross sections. Except in

summed to make comparisons with the cross sections pubge case of very low projectile energies, the two techniques
lished by Werneet al. [10]. lead to the same result.

The detection of HO* can be considered to be free of Ruddet al. [17] proposed a formula fos-_ as a function
discrimination losses as there is no associated fragmentatiqq} o proton energ,: -
o

process. The ratio of the fragment ion yield to thgl¥ ion
signal is independent of the target thickness and projectile

iqn b_ea_m properties but St_i" c_ontains information about_ the TABLE I. Correction factors derived by comparing the present
discrimination due to the kinetic energy of the fragment ion..\eaqrements of fragment ion yield oves@t yield with the cor-

In Fig. 3, these ion yield ratios are plotted as a function ofresponding ratio from the data of Werrral. [10]. Figure 3 shows

the projectile ?nergYﬁ”E'd symboly. The figure also shows  ihese ratios as a function of the proton energy.
the cross sections for the production of fragment ions divided

by the cross section for " production published by Fragment ion Correction factor
Werneret al. [10] (open symbols For the heavier singly

charged fragment ion®©H" and O), the two data sets differ OH* 1.29

by less than 10%. However, in the case of H+ dissociation o* 1.68

(up triangley, the present data are significantly lower than o2+ 1.91

those of Wernelet al. [10]. This confirms that the present H* 3.07

TOF has a reduced detection efficiency for lighter fragment
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corresponding parameters are given in Table 1. 104 'O"' T <
19
4mad HH
o_(E,) = , 1 0,1+
(Ep) 1 (1)
Aln(1+x)+B CX 10 e
io0?
1 _‘ x10
Whe.reEp is the protoq energy in e%=(E,/1836/13.6, and ie 583: :§5M§
a, is the Bohr radius. The four constant$,=2.89,B 01y,
=4.42,C=1.48, and=0.75, were determined by fitting Eq. ] o]
(1) to the experimental total cross sectiqig]. The sum of 20 100 20 100
the present yield measurementsrrected for discrimination Proton energy (keV)

due to fragment kinetic eneryyf all the different product

ions for processes that release at least one electron is normal- FIG. 5. Left side plots: absolute partial cross sections for proton
ized to the value of Eq(l). This calibration procedure pro- impact ionization of HO. Right side plots: branching ratigprod-
vides absolute total and partial cross section curves for thHCt cross sections divided by total ionization cross secfidéos
various product ions in the energy range from 20 to 150 ke\/Proton impact ionization of bD.

_Figure 4 shows the present absolute cross sections oRyq g be noted that, at low collision energie @rmed
tained using the calibration described abefited symbolg  y glectron capture also contributes to Fig. 4. In this case, the

in comparison with the data of Wernet al.[10] (open sym-  nyrgjectile is neutralized and an electron emitted simulta-
bols). The curves represent fits to Ed,) for both data sets neously. Thus knowledge of the final charge state of the pro-
(see Table Il for the corresponding constanthe present jectile is important to elucidate the kinetics of this collision
values represent a smooth extension of the data of Wetner process. For the other fragment ions, the contribution due to
al. [10] to lower energies. The shapes of the cross sectioBuch electron capture processes is found to be negligible.
curves shown in Fig. 4 vary for different products, particu- In the present experiment it is possible to distinguish be-
larly at low impact energies. Whereas the curves fgOH  tween direct ionizatioiicharge state of the projectile remains
and OH production are fairly flat, those for'H O*, and 3*  unchangefiand electron capturéneutralization of the pro-
exhibit increasingly pronounced maxima. The maximum parjectile) for each partial cross section. This information can be
tial cross section occurs at 70 keV for,®, 78 keV for  used to derive the corresponding cross sections for direct
OH", 74 keV for H', 65 keV for O, and 38 keV for B*. It  ionization and for electron capture, separately. Figure 5
shows the partial cross sections and Fig. 6 the total cross
TABLE II. Values for the parameters in E¢L) derived by fit- ~ S€ctions. The two sets of cross sections are defined as differ-
ting the partial cross sections in Fig. 5 with the help of E%. ential in respect to the projectile charge state after the ioniz-

originally derived by fitting the total cross section cuifug]. ing collision and the curves corresponding to direct ioniza-
tion and to electron capture exhibit contrasting shapes. Direct
Product ion A B C D ionization(open circles in Figs. 5 and) becomes the domi-

nant process at energies above 60 keV, although the direct

H,0" 0.74 4.42 0.74 0.57 ionization cross sections begin to fall at higher energies. The
OH* 1.29 —-0.53 0.52 0.65 partial cross sections for the production of HO*, and G*
o* -0.34 1.25 0.08 0.63 by electron capture show maxima at 30—40 keV. Conversely,
0% -0.01 0.03 0.01 2.19 the curves corresponding to the partial cross sections for
H* ~0.95 4.33 0.27 0.76 H,O", OH", and the total cross section for ionization by elec-

tron capture show no such peaks in the present energy range.
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For all product ions, the cross section for production by elec-

tron capture decreases sharply with increasing energy, i.e., by FIG. 7. Comparison between the total cross sections for ioniza-

two orders of magnitude from 26840) keV to 150 keV. tion of H,O by electron impact reported by Straebal._ [8] and the
The dashed line in Fig. 6 represents the cross seatign, total cross secti_on§ fo_r dire_ct ionization by proton impguesent

calculated using Eq1) and the solid line represents the total 9219 and target ionization with electron relea¥erneret al. [10)).

cross section for positive ion formation,, as given by the The continuous line Eq1) corresponds tor_ as defined by Eq1)

following equation[17]: of Ruddet al. [17].
o (E.) = 47Ta<2) ) impact experiments upon H and Ar showed the fraction of
e 1 electron transfer collisions producing highly excited states of
Aln(1+x) +B * CO+F the target molecule to have a maximum value of about 0.3%

[29] close to 30 keV. By analogy, the contribution of field
whereE, is the proton energy in e%=(E,/1836/13.6, and jonization to the present data is assumed to be negligible.
ay is the Bohr radius. The five parameterd=2.89,B In addition to partial differential cross sections, Fig. 5 also
=4.42,C=1.48,D=0.75, andF=4.8, were determined by shows the branching ratios for direct ionization and electron
fitting Eq. (2) to the experimental data of Ruéd al.[17]. At  capture. These valuégplotted on the rightwere derived by
low proton energies the present cross sections for total iodividing the partial differential cross sectioffgotted on the
production(solid squaresdeviate slightly from the results of left) by the corresponding total differential cross sections
the equation. The open triangles correspond to the total croshown in Fig. 6. The branching ratios for the individual prod-
sections published by Wernet al. [11] for positive ion for-  uct ions provide further insight into the mechanism for the
mation with the release of at least one electron. fragmentation of water molecules upon proton impact. Over

Although in the present experiment the charge state of théhe full energy range studied, the branching ratio fgOH
projectile when it hits the corresponding channeltron detectovia direct ionization is greater than via electron capture.
can be determined with precision, there are two possibilitie$lowever, for all fragment ions, the branching ratios for di-
that may lead to misinterpretation of a collision process. rect ionization are smaller than for electron capture. This is

(i) Protons that are neutralized before the interaction re-in agreement with the observation that the relative intensity
gion can also initiate ionization eventBirect ionization of  of fragment ions in the mass spectra is higher for the electron
H,O by such a neutral H atom would thus be interpreted agapture mechanisngsee Fig. 2 Moreover, the branching
an electron capture process. Therefore the proton beam fatio for the production of KD* decreases with increasing
checked before each measurement for the presence of neutealllision energy for both channels, whereas for the produc-
H atoms. The ratio of protons to H atoms is measured withtion of fragment ions both branching ratios increase for
out the water beam. For high collision energies this ratio isgreater collision energies.
better than 10000:1, while at very low proton energies it For electron impact ionization the process of electron cap-
decreases to 1000:1. ture by the projectile is not possible. However, direct ioniza-

(i) Lorentz field ionization of highly excited hydrogen tion by fast protons and electron impact ionization can be
Rydberg atomsElectron capture from an ion often leads to expected to be similar. Although the polarities are opposite,
the production of electronically highly excited atofi2y]. It  the instantaneous Coulomb interactions of both projectiles
is known that field ionization can occur also in the presenceavith the target molecule are equal. However, since the mass
of a permanent magnetic fie[@8]. Thus production of such of a proton is a factor of 1836 larger than the mass of an
a Rydberg atom in an electron capture process and subselectron, the interaction tim@vhich is the important param-
quent field ionization would be interpreted as a direct ioniza-eter for the inelastic interactigietween the two projectiles
tion event. Since the cross section for electron capture inand a target molecule will be very different for the same
creases by more than 2 orders of magnitude when theollision energy. The velocity of a projectile is proportional
projectile energy falls from 150 keV to 30 keV, it is clear that to the interaction time. Figure 7 thus shows the present pro-
field ionization of highly excited Hhas a greater effect on ton impact total cross sections for direct ionizatier;, solid
the data at low energies. However, previous 7-60 keV protosquarey and the total electron impact ionization cross sec-
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tions reported by Strauét al. [8] (open circlegas a function o D,0" (s impact 8]
of the projectile velocity. The open triangles correspond to 10°; { ° O (impactie)
. . . . . . © D (e impact {8])
the total cross sections for proton impact ionization with the — o O (& mpacl )
release of at least one electrGm_) measured by Wernest £ 10 ) v O(e impact )
al. [10]. The cross sections of Wernet al. will thus be e o —
slightly larger than those for direct ionization. However, at 5 o W impact
electron energies larger than 100 keV the difference between g "' vé}&\ 1 5 o i
o_ andoy can be estimated to be less than 1% since electron & 4 o o B et
capture becomes very unlikelgee Fig. 6. The solid line g1 °© 5 T ve g, o ¢
represents_ as calculated using E¢L) [17]. The velocity is © 5 vy ety
given in multiples of the Bohr velocity(vgen=2.19 10° v —v— 07" impact 10])
X 10 ms™). At high projectile velocities(>5 vgyp) the 01 2 3 4 5 6 7 8 9
cross section for electron and proton impact ionization are Velocity (v,,,,,)

almost the same, whereas at lower velocities the cross sec-
tions for proton impact ionization are much larger. This re- FIG. 8. Comparison between the electron impact partial ioniza-
sult is similar to previous observations for the electron andion cross sections for D reported by Strauket al. [8] (open
proton impact ionization of the rare gasg80] and refer- symbolg and the proton impact partial direct ionization cross sec-
ences therein Paludanet al. [30] reported that the single tions for H,O measured in the present wo(iled large symbols
ionization cross sectiongthe major channel for the rare and by Werneet al. [10] (filled small symbols with trend lings
gases; the maximum contribution of double ionization is
~5% of the single ionization channdbr e, e*, p*, andp~  velocity leads to the maximum production ofQan elec-
impact are identical for high velocity collisions tron with the same velocity does not have sufficient energy to
(projectile velocity> velocity of the bound target electrons as produce this fragment ion at all. A similar shift of maximum
described by the first Born approximatjort lower veloci-  cross section to lower projectile velocity for proton impact as
ties, however, the positive projectiles were observed to corepposed to electron impact was observed for the single and
respond to higher direct single ionization cross sections thadouble partial ionization cross sections of the rare gi3@ls
the negatively charged particles. Paludatnal. [30] attrib-  However, as in the case of the total cross sections shown in
uted this result to target polarization effects. They also com¥ig. 7, the proton impact data match the electron impact data
mented that, at a fixed velocity, the lower kinetic energy ofmore closely at higher projectile velocities. The maximum
lighter projectiles reduces their cross sections relative tgartial cross sections for direct ionization by proton impact
more massive counterparts as incident energy approaches thed by electron impad8] are listed in Table Ill. Also given
ionization potential of the target. in the table are the thresholds for ion production from neutral
The comparison between the present partial cross sectio$,0 [33] expressed as energies and as velocities for proton
for direct ionization by proton impact and those reported forand electron impact.
electron impact by Strauét al. [8] can be extended. Straub  The final point of discussion relates to the presence f H
et al. were unable to clearly separate thglH products from in the ionization mass spectra for proton impact upgi®H
OH" and O fragment ions. However, in addition to,8  As the H," ion signal is strongly correlated with the density
they measured BD ionization and observed the correspond-
ing absolute partial cross sections to be equal within the TABLE lll. The values in the column designated Max, are
experimental uncertaintig@xcept for the |5+ and Dz’f), in the maximum values of the partial cross sections for direct ioniza-
agreement with earlier studi¢81,33. The mass resolution tion upon proton impact. The column designated Max contains
of the instrument used by Strae al. was sufficiently high the maximum values of the partial cross sections for electron impact
to measure partial cross sections fof,@D*, and D,O". ionization. AE stands for appearanc_e energy, mear_ling the threshold
Thus, for the heavy product ions, the electron impact ioniza&ner9y needed to produce a particular product ion from neutral
tion cross sections of fD are available and can be comparedwater' Except for the &, the values are taken from the NIST tables
with the present proton impact data fog®L The filled sym- [33]. The appearance energy for doubly charged oxygen was deter-

bols in Fig. 8 represent the partial cross sections for direclinined by linear extrapolation of the threshold region of the cross

ionization upon proton impact; big symbols correspond tosectlon values given by Strawdi al. [8]. The appearance energies

the present data and small symbols to that of Westeal are converted into proton and electron impact velocities in the
. . S L ouble column labeled Av.

[10]. The partial electron impact ionization cross sections ofj

Straubet al.[8] are represented by open symbols. The figure

shows that the relative ordering of the partial cross sectionsproduct  Max op Max o AE Av(veon)

is the same for both projectiles. However, as for the total ion (10°m?) (10°m?)  (eV) H* e
single ionization cross sectiolisee abovg at lower projec-

tile velocities the partial cross sections are clearly greater for H20" 2.713 1.38 12.65 0.022  0.96
proton impact than for electron impact. Furthermore, the OH" 1.208 0.441 18.08 0.026  1.15
maximum cross sections occur at lower projectile velocities O* 0.338 0.0802 26.8 0.033 1.40
in the case of proton impact. This effect is more pronounced 2+ 0.0217 0.00175 86.3 0.059 251
for the fragments with low absolute cross sections. In par- + 1.263 0.382 182  0.027 1.16

ticular, whereas a proton with a velocity of twice the Bohr
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of water beam, this peak cannot be attributed to neutral hyduction and electron emission by,® upon proton impact
drogen molecules from the ion source. The complementaryneasured by Ruddt al. [17]. Corrections for discrimination
fragment to H" production ion is a neutral oxygen atom. effects associated with kinetic energy release during frag-
Due to momentum conservation, the,"Hwill carry away  mentation are made by comparison with the data of Werner
almost 90% of the kinetic energy released in such a disscet al. [10].
ciation event. Therefore, one can expect the counting losses No evidence is observed for the production of negatively
due to discrimination for this light fragment ion to be signifi- charged ion products or for ionization by double electron
cant. Table | indicates that the discrimination factor fof H capture. H" fragments are detected for the first time in
will be larger than 2. The two mass spectra shown in Fig. Zroton-HO collisions. For all product ions, direct ionization
(both averaged over all projectile energies in the regions coris found to be the dominant process at high energies. As a
responding to of B and G*) show the cross sections for proportion of HO* formation, electron capture produces
the production of " and H," to be of the same order of higher yields of fragment ions. Comparisons are made be-
magnitude. This is in good agreement with the results ofween the present cross sections for direct ionization of water
Straub et al. [8] for electron impact ionization(see also proton impact and the electron impact ionization data re-
Fig. 8). ported by Straulet al. [8]. At high projectile velocities the
cross sections for electron and proton impact ionization are
IV. CONCLUSIONS similar, whereas at lower velocities the cross sections for

. ) proton impact ionization are found to be significantly greater.
The present work provides a complete set of partial and

total cross sec_tions for the ionization of water molecules by ACKNOWLEDGMENTS

proton impact in the energy range 20-150 keV. The resultant
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