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Theoretical differential and total cross sections of water-molecule ionization by electron impact

C. Champion, J. Hanssen, and P. A. Hervieux
Laboratoire de Physique Madelaire et des Collisions, Institut de Physique, 1 Boulevard Arago, TeCha@890,
57078 Metz Cedex 3, France
(Received 16 July 2001; published 16 January 2002

In the present paper, triply, doubly, singly, and total cross sections of the vapor water-molecule ionization are
calculated in the distorted-wave Born approximation, without exchange. In these conditions, fair agreements
are found with experimental data, specially in the low and intermediate ejected energy dBgzalfy, where
E. and E; are the ejected and scattered energy, respectjvahd an extensive comparison between experi-
mental and theoretical results is given in terms of differential and total cross sections. The present results are
also compared to other theoretical ones, specially to results obtained in the plane-wave Born approximation,
and in the first-Born approximation frameworks, in order to underline the distortion effect.
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[. INTRODUCTION eral subject of molecular ionization by electron impeith
a section dedicated to water ionizatidms been published
Understanding the complex interactions that are involvedy Kim [25-27 who developed a “binary-encounter-dipole
when atoms or molecules are ionized by electron impact re0del” that combines the binary-encounter theory of Vriens
mains one of the greatest challenges facing atomic physics &#8] With the dipole interaction of the Bethe thedi39] for
the present time. In effect, besides its fundamental aspec@St incident electrons. However, this work gives only a

specially in the study of the electronic structure of the target§em|cIaSS|cal description of the ionization process in using

it is a powerful tool for the study of the mechanisms of 2VErage quantities such as kinetic energy of the target elec-
ionization itself, whose comprehension becomes important i jons of ‘each subshell and differential dipole-oscillator

many domains, such as plasma physics, fusion experiment rengths for the corresponding molecular orbiaO).

y : ' P PNYSICS, TUS PE Moreover, these calculations are only limited to singly dif-
astrophysics, and even in the study of ionizing collisions OMfarential and total-ionization cross sections
living matter. These interactions have been studied for many |, ihe past, quantum-mechanical studieé of the vapor wa-

years, and both a theoretical understanding and experiment@l, ionization were already givd80—37 but remain largely
techniques have been makee, for example,1,2] and ref-  |imjted to the plane-wave Born approximaticiPWBA).
erences therejn The most sophisticated of the past experi-\oreover, these results are only in qualitative agreement
ments have studied the ionization reaction by measuring thgith the experimental data; indeed, these theories overesti-
resulting products in coincidence. For single ionization bymate in general the total-ionization cross sections. Thus, in
electron impact, theg,2e) coincidence experiment probes absence of theoretical quantum-mechanical investigations,
the scattered and ejected electron momenta that result fromhich are quite involved, several semiempirical approaches
the ionization events. By selecting different momenta athave been developefB3—-36. Consequently, the present
which the outgoing electrons are observed, a complete devork appears as a detailed theoretical study of the ionization
scription of the ionization process can be obtained in prinfrocess of the vapor water-molecule by electron impact. Fur-
ciple. In spite of the considerable body of experimentalthermore, our theoretical approach may be easily introduced
(e,2e) studies on many atomic targeis the domain of the in numerical simulations such as the Monte Carlo track
electron momentum spectroscof®] and for lower incident- ~ Structure code for electrons in watg37] or in matter in
energy values for symmetric and nonsymmetric situation@€neral. Indeed, for these codes, multiple differential calcu-
[3]), the ionization processes are experimentally less studie@@tions represent useful input data in order to describe in
on molecular(polyatomio systems[4—9]. The case of the detail all the ionizing events, in terms of energy deposits and
water molecule is even more dramatic since we find in theéngular distributions. In this context, the ionization cross
literature very rare experimental studies dedicated to doubl?eCtlonS at all energies of |nC|de_nt particles :_:mq ejected (_alec-
: . . .. —1{rons are needed to follow the history of an incident particle
differential cross sectioDDCS) measurements. We can cite

. . . and its products for all ranges of energy transferred in indi-
the extensive Work.gl\_/en.by Opat al. [1.0]’ who proyldgs vidual collisions. Under these conditions, we have recently

X g _ tpresented in a previous pap@8] a theoretical study dedi-
energy E,=500eV in a range of ejected energi€s  cated to the influence of the water-molecule target orienta-
=4.13-205eV and ejection anglég=30°-180°, and the tjon on the differential cross sections in pointing out the huge
work of Bolorizadeh and Rudfil1] and of Oda[12] dedi-  gjscrepancies observed between the eightfold differential
cated to energetic electrons with an incident enelyy cross section(8DCS'9 calculated for a particular molecular
=500eV. Concerning singly differential cross sectionsorientation[defined by the Euler anglgsy; 8; )] and the
(SDCS'9 and total cross sectiondCS’s), the literature is  corresponding 5DCS%.e., the 8DCS's averaged over all the
more abundant and we find several experimental works for available molecular orientations
large range of incident energigs3—24. In the same state of mind, we propose by the present work
On the theoretical side, the most recent study on the gerae detailed description of a more sophisticated approach de-
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veloped in the distorted-wave Born approximati@WBA) A=
framework to provide useful differential and total ionization
cross section calculations. The initial state is described as
product of a plane-wave functioffior the incident electron
with a molecular-wave function described by a linear com-

bination of atomic orbitalgLCAQ’s), all centered on the 0 k(/"%é
heavy oxygen atomthe self-consistent-field LCAO MO | T \(
method,[39]). The ejected electrofwhich is by definition — % >
the slowest particle in the final statés described by a = L Target (H:0) e ’

distorded-wave function, whereas the scattered electron i

described by a plane-wave function. A comparison of the

present results with other theoretical ones performed in the ¥

PWBA and in the first-Born approximatio(FBA) frame- o o

works will be exposed in the following in order to outline the ~ FIG. 1. Reference frame of the ionizing collision of a water
importance of the distortion effect. Finally, the differential t2r9€t-Ka, ks, andke represent the wave vectors of the incident,
cross sections will be integrated over the scattered or ejecteffitered. and ejected electrons, respectively. The corresponding po-
solid angle, and over the energy transfer, in order to obtairf’ 2"d @zimuthal angles are denotey (p<) and (fe, ¢c), respec-
successively the SDCS’s and the TCS’s, which will be com—t'Vely'
pared to an extensive set of experimental data and to other

theoretical model predictiong25,32 (see[40] for a com- them, denoted?; , is expressed in terms of Slater-like func-
plete review of the cross section sets available in the literalions all centered at a common origifor more details see
ture). 38] and[39]). Concerning the final state, the ejected elec-

The present paper is organized as follows. Our theoreticd[ON 1S described by a distorted-wave f“”.():(t'_%n’ whereas in
approach is outlined in Sec. I, and the results concerning38! & Coulomb wave function was useﬂﬁ’e (r) repre-
multiple differential and total cross section calculations aresents the continuum distorted-wave function of ejected mo-
given and analyzed in Sec. Ill. In Sec. Il A, we will define mentumk,, and as we will see in the following, it depends
two types of DDCS's: a first one plotted versus the scatteredn the MO.
angle, and a second one versus the ejected angle that will be The calculation of the transition amplitudg, [Eq. (2)] is
compared to the rarely available DDCS experimental meaperformed in using the partial-wave expansion method.
surements. In Sec. Il B, the SDCS’s are presented, analyzetthus, 7{)(")(r) and the plane-wave functiog®" can be
and_compared to an extensive set of experimental data, a”q/\ﬁitten, respectively, as
particular attention is finally paid to the TCS’s that are pre-

sented in Sec. lll C. Finally a conclusion is given in Sec. IV. o g
Atomic units are used throughout unless otherwise indicated. fﬁjex—)(r): 92: me:z_ e (477)(i)'eexq—i(o|e+ 5&))]

Il. THEORETICAL METHOD

As described in38], the nonrelativistic 8DCS’s of the X
water-molecule ionization are, for a given molecular orienta-
tion [defined by the Euler anglds; B; y)], expressed by

Fil(keir)
Ke

Y (ke) Y1 m,(F) 3

and
4 (:8:) !
a By . - .
40, a2 dE dadfdy @ =3 3 @miji@nYi@Yimf), @
Nmo d80- I=0 m=—I
" 44 |dQ.dO.dE.dadBdy j(a,,B,y) where the quantum numberd.(m,) correspond to the

N ejected electron, and where the quantitig€s) and Y,,,(f)
1 EM:O Keks T e 2 1 correspond to the Bessel functions and the spherical harmon-

T 2m A ka [ Tas( @i By 1% @ ics, respectivelyo,_is the Coulomb phase shift, whereﬁg
- _ o represents the short-range phase shift associated to the dis-

where the transition amplitudg,, is given by tortion potential.

4 The radial functiorF{!’ (ke ;r) introduced in Eq(3) is the
T ) ) . . M .
[Tab(a;ﬁ:7)],-=Eg-(ff(‘g<’)(r)|e'q"|\1fj(r)>, (2)  solution of the differential equation

: , _ 1d? le(le+1) ,
with the momentum transfeq defined byg=Kk,—ks (see 5+ Ee— L;Z_)_Vj(r) Fffj(ke:r)=0 (5)

Fig. 1 for more details 2dr
Nmo=>5 is the number of molecular orbitals of the water-
molecule description proposed by Mocdid9]. Each of and exhibits an asymptotic behavior given by
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F(Keir)~sin kef —lem— 7o In(2Ker) + 0 + 67 & (a;B1y)
I, (Ke> e e e € le le | dQSdQedEedadIBd‘y j o
(6) N +1
32 ks & K
where 7= — 1/k, is the Sommerfeld parameter. T q kKo (S :E ) MK,E.. , ik
The total distortion potentian(r) introduced in Eq(5) o) T ’ (i)
. . H H jk k k! *
is orbital dependent and is given by XDMLm (a;B;7)S:* N [DML,mk,(a BivS, k,|jk,] :
’\"/j(r):'\"/}alec(r)_l_'\'/ion(r)_ 7) (13

where N; is the number of atomic states included in the
The first term corresponds to the electronic contributionmglecular state. S"" |s given by

whereas the second one concerns the ionic contribution.

They are, respectively, given by © 4l
sy =2 2 X it exdi(o + 5]
Nmo Kk 1520 mg=—1, =0 e e
Vi GEDS N”J’\If*(r ) |W(r dr’, (8
=1

XAPIRIFIY, 1 (R) Y m (@) (14)

with whereA:i‘;ﬁ and the radial integratiorii%,nljkljk are, respec-
2 if i), tively, defined by
N;: = o
ol if i=j © le | Ijk lo I
Ajk:u'k_(l | |)l/2 ,
O 0 O —Me Mg— g
and (15)
) 1 1 ith | =
Vio(r) = — o , (10) with [=2P+1, and

r |r_rOH1|_|r_rOH2| .
Ry~ [ RS OianFKkeinrar, a6
where [[rou,||=[Iron| =Ron=1.814 a.u. (see Table Ii in ¢ o KK )
[38]). RE
The radial potential¥®®(r) andV°'(r) used in Eq.(7) JJkJ (r) being the radial part of each atomic orbital implied
] .
are obtained by using the spherical average approximationjlr.1 the LCAO given by Moccia. By using the orthogonality

. . . |
In these conditions, the electronic contribution is written as"elation of the rotation matrisD, ., (see[38] for more de-
tails), we obtain the following 5DCS'’s:

1
Ve'ec(r)— fve'e%r)dr d°o
Nugo dQsdQ.dE,
—E NUE i S(Mye— Myer) (1= liger) NMO{ d°c
Kk’ = - -
. (2 , dQSdQedEeJ
XJ R lltllk(r )_Rnlt"ik’(r,)dr/’ ) 1 N%O déo
== (a;B;7)
8 2':1JJJ dQgdQ.dE,dadBdy]|.
where r-=max(,r’) and r_=min(r,r’). (ay,&y) are the ! sdedBedadBdy],
coefficients introduced in the LCAO developed by Moccia to <dadvsingd
describe the molecular-wave functidhn, . Similarly, the ra- adysingdp
dial potentialVV'°(r) is given by 320 N [aj]? 'z“i 2 an
T A E = 7 =~ Njklj
1 8 5 qjlkakekl|jk = ljk iK'
V'°”(r)——f Ven(rydi=— —— =, (12) , . : : , .
r Re Triply differential cross sections are finally obtained by
either integrating the 5DCS’s over the ejected or the scat-
whereR. =max(,Rop). tered solid angle, and are denoted®(E.,Q.) or o®

Finally, taking the direction of the initial momentuky to X(Ee,Q¢), respectively. Whereas the first ones are obtained
be along thez axis (see Fig. 1 we obtain, for the molecular analytically, the second one can only be calculated by nu-
state labeled, the following expression of the 8DCS's: merical integration procedures. We have, respectively,
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dic "wo d°c do] "Wo -1
g (EE:QS) |:dQsdEe = f dQSdQedEJ]dQe dEe =1 f+lgl (Eeves)d(coses)
Nvo 1g\ k. 1 N Nmo ~_1q 2 Nmo "
- s PANE - —
= —— = . 1] = J i“/(Eg,0o)d(c0osb,)= i
121 (W)kake q4k§=:1 (2] % € =1 R (Ee. fe)dl ? 1‘21 7
2
" le | Ijk) [ankljk]Z (22
0O 0 O lle Then, the total ionization cross sections are given by
Nmo Nmo Nmo
(Ea=V)i2| do
= Z 0'}3)(Ee;93) (18) o= E : E dEeE E O'j y (23)
=1 =1 Jo el =1
and whereV; is the ionization potential of thgth ionized MO
(see Table | in38]).
3
0(3)(Ee19e):[d£ ZE ll. RESULTS
er e To simplify the presentation of our results, let us first of
NMo o 1 d5o all define the different independent variables implied in the
= 2 f d(psf J0_dO_dE. d(cosé) water-molecule ionization process. Figure 1 shows the differ-
=1 Jo +1 sHifetel; ent polar ¢,,0.) and azimuthal ¢,¢.) angles in a right-
Nyvo hand reference frame, where the direction of the incident

— z U}S)(Ee-Qe)- (19 electron is that of the axis, and the plane formed Hxy ar_ld
=1 ks, thexzplane (ps=0); the labels, ¢ ands corresponding
to the incident, ejected, and scattered species, respectively.
In the following, we have computed differential and total
ionization cross sections for incident energieg ranging
from 20 eV to 2 keV and values of the energy of the ejected
electronE, varying from 0 toEJ® with EJ %= (E,—V,)/2.

The two quantitieg18) and (19) are independent opq
and ¢, respectively. Consequently, the DDCS'’s are propor
tional to the TDCS'’s and are defined as

o (E, .0, = d’o A. Doubly differential cross sections
d(cosbs)dEe As explained above in the theoretical section, there are
NMO  ronl  d3o two manners in which to define DDCS’s. A first one, called
= f [— de. o®)(E,,6,), consists in studying the role of the scattered
=1 Jo [dOsdE], electron, whereas a second one, called(E,,6,), con-
Nyo Nyo cerns the distribution of the ejected electron. In what follows,
_ Z 270\ (E,, Q)= Z 2 (E,, 0, we present successively these two types of DDCS calcula.-
=1 PAmenmmsiey T AmerTs tions, the second ones being compared to available experi-
20 mental data taken from Opet al.[10] (see Sec. 1A 2

1. Variation with the scattering anglef

and Figures 2a)-2(c) display, for an incident energ¥,
=100eV, the evolution oir®(E,,6,) for three different

d20 energy transfer¢dependent on the MQnamely,AE,=E,
0P (Eq, ) = d(cosa.dE, +V; with E,=0.027, 17.32, and 43.25 eV, respectively. The
e/M=e contribution of each of the four MO’s implied in the ioniza-
Nvo  conl  dBq tion is outlined in the figures. In the three cases the overall
=> f [— dee behavior is the same and corresponds to DDCS'’s extremely
=1 Jo [dQedEe j peaked at the origirds=0°. The contribution of the three
Nuo Nuo outer molecular subshells is approximately the same since
_ 2 270\ (E,, Q)= E 7 2(E,,b,). the correspond_lng ionization potentials are very cIc_Jse. How-
i= ! MR =T ere ever, for more important energy transfers such as in the case
21) in Fig. 2(c) (E.=43.25¢eV), the inner subshell’2 makes a

greater contribution than the other MO, essentially for large

values offg, which is what corresponds to smaller impact
Singly differential cross sections are finally obtained byparameter collisions. In Figs(® and 2g), the energy trans-

numerical integration of Eq20) or Eq.(21) fer remains very small and the DDCS's’ behavior is the same
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FIG. 2. DDCS’s of the vapor water-molecule ionizati@xpressed in atomic unjtplotted versus the scattered anglefor different
energetic conditions: firdE, =100 eV withE,=0.027, 17.32, and 43.25 eV i), (b), and(c), respectively; seconti,=500 eV withE,
=0.027, 97.32, and 243.26 eV {d), (e), and(f), respectively; and thir@&,= 1 keV with E.=0.027, 295.96, and 493.26 eV (g), (h), and
(i), respectively. The different subshell contributions are represented: the first B{) b¥ a dotted line, the second MO A3) by open up
triangles, the third MO (B,) by solid circles, the fourth MO (&;) by solid up triangles, and the fifth MO @) by open circlegonly in
(g) and(h)]. The solid line corresponds to the “total” water-molecule results.
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TABLE I. Comparison between the calculated values and the values obtained df?tE, , 6,) calcu-
lations (reported in parenthesesoncerning the critical angléS™ corresponding to the binary peak. The
contribution of each molecular orbital is evaluated, and we have reported the corresponding value observed
for the water molecule.

2A; 1B, 3A; 1B, Water molecule
lonization potentiala.u) 1.3261 0.6814 0.5561 0.4954
E,=18.38,E,=8.94(a.u) 41.85° 44.18° 44.20° 44.20°
(45.79 (40.29 (38.89 (38.79 (40.09
E,=36.76,E,=18.13(a.u) 44 .57° 44.60° 44.60° 44.60°
(44.19 (40.09 (39.99 (39.89 (41.49

as cited above. However, in Figsifand Zi) (whereE. is  cording to Eq.(26)] compared to the values obtained in the
equal to 243.26 and 493.26 eV, respectiyelye observe the DDCS calculations, for the four MO's implied in the colli-
appearance of a peak centered aac%{ value of about 40° sions studied in Figs.(® and Zi).
and 41.4°, respectively. In fact, for hlgh velocities of ejection
of the molecular electrori.e., for large AE, values, the
angular distribution does not fall off uniformly with the scat-
tered angle but displays maximum for a critical ang&", In Figs. 3a@) and 3b), we have compared our DDCS cal-
which is what corresponds to binary collision in which the culations, calleda(z)(Ee,a ) and defined aST(z)(Ee,He)
energy lost by the incident electron is completely transferred= o(?)(E,, 6,)/27, to the experimental results taken from
to the target molecular electron with the residual ion actingOpal et al. [10] (open circley and from Bolorizadeh and
as a spectatdi1,42. This is the region of the Bethe ridge Rudd[11] (solid circle$ for two incident energy conditions:
that is simply defined by (a) E,=500¢eV andb) E,=1 keV. We observe a reasonable
2=K2 (24) agreement between the experimental and theoretical results
e

in the two cases, in the small angle regigh€<60°), as well
where the momentum transferis related to the scattered

2. Variation with the ejected angl®,

for small as for large ejection energies, except maybe for
E.=40eV [Fig. 3(@)], where our results overestimate the

angle 6 by )
experimental ones. However, f6g>60°, the agreement be-
q°= k§+ kg— 2k k<CcOSHs, (25) comes more acceptable and we observe, as in the experimen-
tal case, the appearance of the binary peak located at the
what implies agS™ value defined by expected 65" value, namely, 51.0° and 63.2° foE,
s o o =500eV,E,=100eV andE =1 keV, E,=100¢eV, respec-
ait__q Katks—ke tively.
g5 =cos 2K K (26) By comparison, we have reported in FigaBthe theoret-

ical results(dashed ling obtained by Longet al.[32] in the
This quantity depends of the ionized MO and we have reframework of the density functional theorjll] for E,
ported in the Table | the dil‘feremtg”t calculated valuepac- =500eV andE.=40eV. We observe fair agreements be-

————Trr—r——r—r——
| @) E,=500eV |

FIG. 3. DDCS’s of the vapor water-molecule
ionization [¢?(E,,6,)] calculated from the
5DCS’s by numerical integration over the scat-
tered solid angleQ);, and averaged over the
ejected azimuthal angle. in order to be com-
pared to the experimental data taken from Bolori-
zadeh and Ruddsolid circles and from Opal
et al. (open circles In the first case, the ejection
energyE, is equal to 22, 40, and 100 eV, succes-
sively, whereas, in the second case, the ejection
energyE, is equal to 20, 40, and 100 eV, respec-
tively. (a) and (b) correspond to an incident en-
ergy E,=500eV andE,=1 keV, respectively.
The DWBA results are represented by a solid
line. In (a) we have reported the results obtained
by Longet al. for E,=40 eV (dashed ling

1 0—19 n

-20

OTEREE R\ eeweE
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E,=100eV ) 71 £
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E 1l E
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FIG. 4. SDCS's of the vapor water-molecule
ionization calculated in the DWBA framework
(solid line) compared to FBA and PWBA results
(dashed line and dotted line, respectiyetythree
energetic conditionsi(a) E,=100eV, (b) E,
=500eV, and(c) E,=1 keV. The experimental
data reported are taken from Opet al. (open
circles, from Bolorizadeh and Rudd(solid
circles, and from Vroom and Palmgopen tri-
angles, respectively.
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tween these results and ours, specially for ladgevalues Figure 5 displays the DWBA results obtained for different
(i.e., 6.>60°). incident energies, namefy, equal to 50 eV, 200 eV, 300 eV,

and 2 keV, respectively. Acceptable agreements are found
between the theoretical results and the experimental data

. . __ taken from Bolorizadeh and Rudf11] (solid circles.
In the following we present SDCS calculations for inci-

dent energies covering a large rarigg varying from 50 eV
to 2 keV) and for ejected energies varying from 0 tB,( 10
—V,;)/2, in order to take into account the indistinguishability
between the ejected and the scattered electron in the fine
state. Thus, the comparisons between the experimental an
the theoretical results will be displayed and discussed only in
the first half of the ejection energy ran®:(E,—V;)/2]
domain that is the most important for the total ionization
cross section calculatiofsee below for the numerical proce-
dure of TCS calculation

Figures 4a)—4(c) display singly differential cross sec-
tions for three different incident energies, namely
=100eV, E,=500eV, andE,=1 keV, respectively. The
results obtained in the DWBA framework are represented by &
a solid line, whereas the FBA and the PWBA results areg, 10
represented by a dashed line and a dotted line, respectivel -
The experimental data reported are taken from Gyadl. 102k
[10] (open circleg Bolorizadeh and Rudd11] (solid E
circles, and from Vroom and Palmd®0] (open triangles
respectively. In all these experiments, the SDCS results ar¢ 10
obtained by numerical integration of the measured DDCS's
[i.e., the o'?)(E,,0,) presented aboyeover the ejection
solid angleQ).. We observe fair agreements between experi-
mental data and the DWBA results, whereas the other theo
ries tend to overestimate them, specially the FBA theory that 10’
exhibits a similar overall behavior but large discrepancies at
small energy transfersmall ejection energies,). Concern-
ing the PWBA results, we observe a maximum sitedat FIG. 5. SDCS's of the water-molecule ionization calculated in
=4, 6, and 8 eV, foE,=100eV, 500 eV, and 1 keV, respec- the DWBA framework(solid line) compared to experimental data
tively, a maximum that does not exist in the experimentakaken from Bolorizadeh and Ruddolid circles in different inci-
measurements. For large energy transfer valnasnelyE, dent energy conditionsE,=50eV, 200 eV, 300 eV, and,
in the order of abouE,/2), the different theories tend to be =2 keV, respectively. Multiplicative factors reported in parenthe-
identical. ses are used for better clarity.

B. Singly differential cross sections
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FIG. 6. Total ionization cross sectianof the vapor water mol-
ecule calculated in the DWBA framewotkolid line) compared to
FBA and PWBA resultgdashed line and dotted line, respectiyely
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1500 2000

We have reported Kim and Rudd’s resultiash-dotted ling

C. Total cross sections

Total ionization cross sections; are calculated for each
MO labeledi by numerical integration of the SDCY&q.
(22)] over the energy transferg, from 0 to (E,—V;)/2.

PHYSICAL REVIEW A5 022710

frameworks(solid, dotted, and dashed line, respectiyety

the range 10 eV-2 keV primary electron energy, including
the results of Kim and Rud®5] (dash-dotted line We ob-
serve that the FBA and the PWBA results overestimate the
total cross sections by a factor that can reach a value of about
7 in the regionE,<2 keV. The overall behavior of the
curves obtained in these two frameworks is similar and the
TCS values in the high-energy region tend to be identical, in
the order of about 2.9410 *®cn? and 2.72x 10~ ®cn? for
E.=2 keV, respectively, i.e., six times greater than the ex-
perimental ones, which is in the order of (0:30.09)

% 10~ c?. Moreover, the maximal TCS value corresponds
to an incident energ¥,=400 and 500 eV in the FBA and
PWBA frameworks, respectively, which is in large disagree-
ment with the experiment data that display a peak centered at
aboutE,=120 eV, which is what is in acceptable agreement
with our DWBA calculations. Concerning Kim and Rudd’s
results[25] (dash-dotted ling they are in moderate agree-
ment with our results, essentially in low incident energy
(E,<100eV), but display sensitive differences for greater
incident energies. The discrepancies are lower than 15% in
the high-incident energy range and fall off to 6% for small
incident energies.

In Fig. 7 the TCS’s for vapor water-molecule ionization in
the incident energy range of 10 eV to 2 keV calculated in the
DWBA framework(solid line) are compared to an extensive
set of experimental data. The experimental ionization cross
sections reported are those of Bolorizadeh and Ruddj
Djuric et al.[13], Schutteret al.[14], Khare and Meathl16],
Straub[17], and Olivero[21]. Although there exists close
agreement between some of the measurements of ionization
cross sections over part of the energy spectrum, there is con-
siderable variation in the range 50 eV-1 keV. We have ex-
cluded the sets of experimental data of Gofi2] and Ori-
ent and Srivastavi24], which deviate greatly from the other
measurements. Also, we have not included results from ex-
periments that did not provide data on an absolute §e&e
The dotted line represents a least-squares fit to all experi-

Then, the “global” TCS is obtained by summing up all the mental data using a model functiA3].

Norp individual cross sections;; .
oretical results obtained in the DWBA, FBA, and PWBA mental data sets reported and the overall behavior of the TCS

s (10" em?)

3.0

25

2.0

1.5

1.0

0.5

Figure 6 displays the the-

The DWBA results are in fair agreement with the experi-

FIG. 7. Comparison between the calculated
total ionization cross sections of the vapor water
molecule(in the DWBA framework and experi-
mental data taken from various sourd@plori-
zadeh and Rudd, solid circles; Djurét al., solid
down triangles; Schutteet al, solid up triangles;
Khare and Meath, open down triangles; Straub,
open up triangles; and Oliveret al, open dia-
mondg. The solid line represents the DWBA re-
sults and the dotted line a least-squares fit to all
experimental datésee the text for more detajls

100
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theoretical curve is well reproduced. We observe fair agreeavailable in the literature. However, note that whHenand
ment with the least-squares fitting curve with a maximumEg are comparable, the exchange will probably modify to

located atE,=120eV. some extent the TDCS’s and the DDCS’s. Concerning the
SDCS results, we have obtained good agreements with the
IV. CONCLUSIONS experimental set of data we have reported, which induces

very good results about the total ionization cross section cal-

In the present investigation we have proposed a theoretieulations. On the theoretical side, this work appears as an
cal work dedicated to the calculation of differential and totalapproach that permits the calculations of multiple differential
ionization cross sections for the water-molecule target in theross sections of the water-molecule ionization and that can
vapor phase. In the energy domain investigated by theasily be introduced in numerical simulatiaissich as Monte
present work, i.e., where the ejected eneByis always Carlo simulations of the crossing of charged particles
smaller than the scattered energy, the DDCS results ob- through the biological matter, the latter being, in major part,
tained are in fair agree-ments with the experimental datzonstituted by water.
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