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We have computed the single-differential and total ionization cross sections for the proton-hydrogen colli-
sion system at low-energy rang®.1-10 keV/amy using the electron translation factor corrected close-
coupling method. Full convergence of ionization cross sections as a functiof afdtecular basis size was
achieved by including up to ten bound states and 11 continuum partial waves. The present results are compared
with the available experimental data and various theoretical models. Our calculated cross sections are in an
excellent agreement with the recent experiments of SHad. [J. Phys. B.31, L757 (1998], but decrease
more rapidly than the cross sections measured by Pieksral[Phys. Rev. Lett73, 46 (1994 ] with decreas-
ing energy. We have found that thed, electron ionization is a rather higher-level ladder climbing process
than a direct mechanism; the@@,, electron, on the contrary, is ionized directly and the higher levels act as a
temporary trap.
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[. INTRODUCTION all of them. Thus, it is a paramount to develop an approxi-
mation providing high accuracy cross sections for proton-
lon impact ionization has been an interesting problem folimpact ionization.
many years, with its important application in fusion reactors, The first attempt at calculating ionization cross sections in
radiation damage in biological matters, energy loss of heavglow p-H collisions was performed by SethuRamanal.
ions in solid targets, etc. There is an enormous amount df12]. They employed the electron translation fact&TF)
efforts to fully understand the electron emissions during ion-modified molecular orbital as zero-order basis to compute
atom collisions from both the experimental and the theoretithe first-order couplings, and then solved the system in the
cal perspectivegsee Refs[1-4] and references thergin perturbation approximation. It is a sensible thing to do if the
Yet, our understanding of even such a basic ion-atom collicross section is smalli.e., the coupling is weakIn such an
sion system, proton on hydrogen, is not very good especiallgpproach, they calculated the energy distributions of ejected
at low energies. At keV energies, the total ionization crosslectron at collision energies 50—500 eV, but the total ioniza-
sections obtained by experimental studies of Piekset@.  tion cross sections were not presented. Later, Thorson and
[5] were found to be quite larger than the recent measurezo-workers|[13,14 have studied extensively the base of
ments of Shalet al.[6] below 10 keV/amu, and to decrease ETF-modified molecular-orbital close-coupling approach.
much less rapidly with the energy decrease. At the lowesThey presented suitable electron translation factors based on
energy considered1l keV/amy, the cross sections of the molecular-state switching functions in order to correct
Pieksmaet al.[5] exceed the values given by Shehal.[6] the asymptotic behavior of nonadiabatic couplings. Thorson
by ~ four times. The numbers from the precise experiment®t al. also gave a formulation of molecular basis close-
[7,8] and the extensive theori¢8—11] disagree by 20% at coupling expansion, in which the flux loss from the truncated
the peak of ionization cross section. The above experimentdlasis space has been accounted for. However, the observable
and theoretical results are shown in Fig. 1 together with othequantities, total ionization cross sections, are still not pre-
main contributions over the years, and detailed statements aented by them.
these works are given in below. Winter and Lin[15] proposed a triple-center atomic-state
Dealing with ionization, we should always count for the expansion method for describing ionization at low energies.
probabilities of concurrent processes, i.e., elastic scatterind;his method accounts for the mechanism in which the elec-
target excitation, and electron capture to the projectile. Atron is not removed until it is asymptotically located at the
low-to-intermediate energies, where the ionization is interpoint of unstable equilibrium between the nuc{gie third
twined with other inelastic and elastic processes, it is notentej. Further, elaboration of the triple-center atomic-
possible to describe one process accurately without treatingrbitals method by McLaughliret al. [16] showed a good
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higher than the experimental valugg8| at the maximum.

The cross sections from Toshini8] agree well with the

measured data of Ref6] at energies 4—10 keV/amu, but

decrease more rapidly than those of Réfl below 4 keV/
amu.

Pieksmaet al. [5] calculated the velocity distributions of
ejected electrons and total ionization cross sections based on
the hidden-crossing model with the contributions from
T-type crossingconnected with the saddle-point ionization
mechanism and Stype crossingassociated with the transi-
tion from quasimolecular to united-atom behayidn their
work, the additional low-energy contributions from radial de-
coupling mechanism proposed by Ovchinnikov and Macek
2 [18], which involve the decoupling of electron on nuclear
b TC1 A motion within the united-atom limit, were also considered.
\ At that time, the calculations of Pieksned al. came below
)\ _bec2 1 the available experimental data] and decreased more rap-

[ '-.- idly with the decreasing energy. Later, the contributions of
' ¢\ O radial decoupling mechanism were recalculated in a recent
) paper of Pieksmat al. [19]. The new values include the

¥ DC1 ) CDW-EIS contributions from this recalculated radial decoupling

; - mechanism, and therefore they are in a better agreement with
o 1 the experimental values of Rdb], but disagree with the
more recent experimental data by Stahal.[6]. The cross-
section data in Ref[6] decrease much more rapidly than
those of Pieksmat al,, both for the calculatefl19] and the
measured5] values, but agree well with the older version of

Collision energie E (keV/amu) hidden-crossing calculatior§].

o ) On the experimental side, theH system is difficult for

o Ao 13 Sl of ol o0 vesigaion because of problems in making and haracter

) ' izing the atomic hydrogen target. At low energies, the diffi-

spectively. The circles with error bars show measured cross sections

of Shahet al.[6—8]; squares with error bars show measured crossCUIty also comes from making high current and low velocity

sections of Pieksmat al. [5]; curve HC2 shows hidden-crossing .pro.ton.s' The first St.UdIeS by Fitet al. [20] measured the
theory with S and T and radial decoupling promotion mechanisms ionization cross section at 0.04—40_keV/amu, and the results
[19]; curve HC1 shows hidden-crossing theory with oiand T were found to be of higher n_1agn|tude th_an the generally
promotion mechanisn{s]; curve TC2 shows close-coupling triple- 2ccepted data of Ref8]. Experimental studies by Pieksma
center calculations of Shaht al. [6]; curve TC1 shows close- ©t al.[5], focusing on the identification of saddle-point elec-
coupling triple-center calculations of Mclaughlt al. [16]; curve  trons, produced the total ionization cross sections at 1-6
DC2 shows two-center close-coupling calculations of TosHigja ~ keV/amu, which were found to follow a’ dependence on
curve DC1 shows two-center close-coupling calculations of Fritsctthe collision velocity near the threshdl#i9]. The error bar is
and Lin[17]; and curve CDW-EIS shows continuum distorted-wave the largest at the lowest energy of 1 keV/amu for the cross-
eikonal initial-state approximation of Crothers and McC#88l. section measurement of R¢6]. At the low keV energies,
the most recent measurements on ionizatiop-kh collisions
agreement with the previous method of R@f5] for all en-  were carried out by Shaét al.[6] in the range 1.25-9 keV/
ergies considered. Both these calculations predict valuesmu. They obtained the absolute values of total ionization
larger than the experimental cross sections of HéfS§)], but  cross sections with the accuracy in the range 20—-30 %. The
the discrepancy is the smallest at the lowest-energy regiooross sections of Shah are 45% smaller than those of Ref.
that they considered. The values obtained by Fritsch and Liat 6 keV/amu and they decrease much more rapidly, which
[17] in their double-center 46 atomic-state-plus-pseudostateesults in the difference from the values of Ré&f| as high as
calculationgwhich were extended down to 4 keV/ajnwere  the factor of~5 at the lowest energies considered.
found to be smaller, on the contrary, they also exhibit closer On the theoretical side, thgH system is especially inter-
agreement with the experiment in the lowest-energy regionesting because it provides a prototype within which a variety
Avery detailed study of the two-center atomic-orbital expan-of important physical and methodological problems can be
sion approach by Toshim{®] provided the ionization cross studied in a well-defined manner. Molecular basis expan-
sections at the energy range 1-800 keV/amu, which wergions are widely recognized as an appropriate theoretical ap-
found to be 20% higher than the experiments of Shah angroach to the slow ion-atom collisions. However, molecular-
co-workers[7,8] at the peak of ionization cross section. But state calculations require careful consideration of the effects
also two more recent calculatiofi$0,11] claimed that they of ETF's [1,13,21. Neglect of these introduces spurious
are in good agreement with Toshinif] and about 20% long-range couplings and can also lead to incorrect physical
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predictiong 1,13,21. In this work, the ETF’s appropriate for A =im/if (e — e ilxFu(F:R) ). 6)
molecular states, with the two-center character, are derived kn ko S AT I "

by using the method of switching functions. The well- .

defined switching functions for the exact molecular states otiere, m is the reduced electron mass, is the electronic
H, have been deduced by an analytical two-center deconmrbital angular momentum, ame-(x,y,z), with zbeing par-

position scheme by Thorsat al.[22], and used to deal with allel to R. The switching functions,(r;R), which describe
the charge transfer and the excitation resulting in very googhe correlation of electron motion on nuclei, in general, de-
results [23]; we have adopted these analytical swnchmgpend on the molecular-state wave functign(r,R). We

funlctiohns li.n r:)urfcz?]lculalljtions.d_ . h leul ave employed the switching function, derived by Thorson
h nd'tﬁe lgt_tlo the a m;e r(slcggs;on, év(?ch a;/et cl:a culatedy o). [22] for the H;, system, based on the analytical two-
€ dinerential cross sectio S) an € fotal Cross — qonter decomposition of exact wave functions. All these cou-

f()e:t;r?]nsél':(;? IS())VI:/OLCI)(I)I?inZc?r:I%r;g: at(:gwr:cehyédiogleon kbgvlj);ﬂ;u pling matrix elements are evaluated using Gauss-Legendre
P gy range ©.1- '‘and Gauss-Laguerre quadratures with relative errors

including the charge transfer and the excitation channels intc%1>< 10-8
consideration. The present paper is organized as follows. For Before we move on to solve the close-coupled equations

the sake of completeness and self-consistency, in Sec. Il w, ), a subtle point associated with the ETF's modified

describe the theoretical model in an extent necessary for un- . . :
derstanding the method. The general theory can be found if olecular-orbital expansion approach needs to be discussed.

the publications of Thorson and co-workéis,14. The re- This is the non-Herr_nitian Hamiltonian matri®(+A) in Eq.

sults of our calculations are given in Sec. Ill, where we alsd?)- In any calculation, we need to replace the full Hilbert
compare to the available experimental values of R& ] space spanned by the true discrete and continuum states with
and to other existing theoretical results. The conclusions of runcated subspace. As a result, certain operators in the

our study are drawn in Sec. IV, along with our final remarks.€auations of motion cannot be fully represented, and unless
great care is taken they may not even be accurately repre-

sented within the truncated subspace. This is true, in particu-

lar, for the propagator itself. Thus, a theory should consider
A. Molecular-orbital coupled equations the flux loss from the truncated subspace, and then, in con-

Let us assume the relative motion of the nuclei to bel@st with the exact close-coupled equations; these equations

q ibed classically b > 4 solve th | for the wave function in the truncated subspace are necessar-
described classically by a vectB(t), and so ve the resuli- ily nonunitary, i.e., they should not conserve probabilities.
ing time-dependent Schidinger equation for the electron I - .
: e Our locally non-Hermitian Hamiltonian matrixP(+ A) al-
system with Hamiltonian ¥, .
lows us to consider the escape of electron from the subspace

' R . . spanned by the truncated basis. Importantly, the flux loss
Iﬁa‘lf(r ) =Hg (r,R())WP(r,t). (1)  effects decrease as the basis size increases, and the probabil-

ity conservation is satisfied approximately on a sufficiently

We expand the state vectt#t in an ETF-modified molecular large basis set. By implementing the ETF's, the basis sets of
basis set, and integrate over electron coordingtaen for relatively small size can be considered as complete with suf-

the expansion coefficienta,(t) in the molecular-orbital ficient accuracy. In the present%udy, we finql the p-robability
close-coupling(MOCC) method, one obtains the coupled f:onservauon is better thanx110 .Wlth a bas.|s set includ-

. ) - - ing ten bound states and 11 continuum partial waves.
equations(up to the first order in velocity) Next, we briefly summarize the computation of matrix
dag(t) elements in Egs(3)—(6). H, is a prototype one-electron

T E [R(PR+AR)+RO(P+ A% ]y two-nuclei system that is separable in the conventional pro-
nek late spheroidal coordinates= (&, %, ¢), and the correspond-

it , , , ing eigenvalues, and wave function$bk(F; R) can be cal-
Xap(exg — | (en(t’) —e(t))dt’ |, culated with great numerical accurai@4—30.
The wave function is factored out

Il. THEORETICAL METHOD

in

)
with ® = 2 (v,R), where the usual coupling tern®s du(€,7,0;R) =C(R)AL£,RM(n,R)e™¢,  (7)
R_ _: -1 el where C((R) is a normalization constant, and functions
Pin= 17 (€0~ €0 <¢"|{ IR L' n), © A(€,R) andM (7,R) describe the quasiradial and quasian-
gular motions of electron, respectively. The indexlabels
pi= _R_1<¢k||:y|¢n>- (4)  the component of electronic angular momentum on fhe
_ axis. The lettek stands for the three quantum numbErs.,
are corrected by the radial and angular ETF terms, andA (A is equivalent to the orbital angular momentum for
_— Lo R=0). The one-dimensional wave functions in Ed) are
Acn=1m/fi(ex— €n) (il ZTn(r;R) | ¢n), () found in semianalytical forms, and the coupling terms in
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Egs. (3)—(6) are then readily computed. The details of thethe ionization probability can be higher than 0.1 even 0.2 in

method can be found in the Ref24-30. some cases. Since integration of differential equati@én
our case is tractable, we prefer to solve E). directly to
B. Perturbative and nonperturbative solutions ensure that no important interactions are miSSing. A Runge—

Kutta-Vener method with 10° accuracy has been employed
in the present study to keep the overall numerical inaccuracy
confined to the cross sections smaller than ®1@fter inte-
aE;rating the transition probabilities over all impact param-

ters.

Since the collision Hamiltonian is rigorously centrosym-

metric for p-H system, the state vectdr in Eq. (1) is com-

osed of noninteracting (gerade andu (ungeradg compo-

ents, and thus there are corresponding setsanfdu close-
coupled equationg2). If index “1” designates the initial
states in each set §iry or 2po,, respectively, then the

The close-coupled equatiofi§g. (2)], can be solved by
numerical integration in full dimension, but also possibly
using a perturbation approach. Accounting for the fact th
all the discrete-continuum couplings are very wésége Sec.
[l A), we could thus construct a faster algorithm for ioniza-
tion problems.

Let us now consider a system that contaifsound states
plus one continuum state, then the time-dependent 'Schr
dinger equations forn(+1) channels reads,

?1 0 Cpat)  --+ Con(t) Ny(1) initial conditions for Eq.(2) (corresponding to “protonA
a, CZl(t) 0 cee C2n(t) Nze(t) pIUS atomB") is

] I el S S ay(t=—)= 1125y, (10
én Cnl(t) CnZ(t) T 0 Nne(t)

} \ and (for given energyE and each impact parametds} the
a. Na(h) RNeg(t) - Nal®) 0 final-state amplitudea,(E,b) are computed.
Once the final-state amplitudg (t= + %) is known, we

& can define the probability of excitation/or ionization to the
a, molecular staték as
1] ® P(E.b)=ay(t=+)[2 (11
an
o and the corresponding individual cross section is
where «, is the ionization amplitude and stands for the Qk(E):Zﬁf P(E,b)bdb. (12)
continuum state energy. Matrix elemeitg(t) are

In ionization problemsQ,(E) is the partial ionization cross
; section, labeled by, N\, andx. Hence the differential ion-
ization cross section is determined by summ@ig, \, u;E)
over quantum numbers, u;

i ! ! !
Na(t)= Keimexp[ ] @n-aat

_to

where «;(t) denotes the coupling frorth bound state to
continuume. Suppose the ionization probability is small, we do
then solve Eq(8) in a first-order perturbation approximation —=> Q(e\,uE) (13
for transition amplitudes. Finding first thexn bound state de %

solutionsa;(t), we see that . .
i(®) and the total ionization cross section

n
to
adio=3, | ra(t o= [ S2de 14

a(t)dt. (9) Is obtained by integrating the energy distribution of the
ejected electrons.

t
Xexp — I—f (g(t")—e)dt’
F{ h) -t
The phase factor above rapidly oscillates withwhich
makes the results small and the method of @yapplicable.
Hence we can calculate at once the ionization cross sections To compute the ionization cross sections, we have done
for whole energy distributior of ejected electron, changing systematic calculations with basis sétsB, andC, as listed
only the couplings«,;(t). In general, the method of E¢) in Table I. Comparing the numerical results with different
is ~100 times faster than that of solving the differential Eq.basis sets allows us to study the convergence of ionization
(8). cross sections with the basis size. In addition, some selected
Although the perturbation solutions reproduce the final-calculation have been done on the ungerade component of
state amplitudes much faster, it should be noted that the abasis setC without 2p, (setD) to understand the role of
curacy decreases with the increasing ionization probabilityupper levels in the ionization dynamics. The continuum com-
In a collision withE>5 keV/amu, e<0.1 Ry, andb~0.5, ponent is common in the basis sétsdirect ionization, B, C

Ill. RESULTS AND DISCUSSION
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TABLE |. Molecular basis sets for systematic close-coupling oqal T T T T T T
calculations. e | <1sc|H(rad)leso> ]
0.12 ----<l1so|H(rad)lede> -
Gerade Ungerade Number of 1 <1sc|H(rad)|ego> 1
Sets basis states basis states all states 0.10 ———— <1sc|H(ang)ledn> ]

w —————— -

Continuum lesog) lepay), |epmy) S 0.08 [ <1so|H(ang)legr> 7
|edag), edmg)  |efay), |efm,) S 0.6 i
legog), [egmy)  |ehar), |ehm,) 3 | ]

Five partial waves, Six partial waves, A B2 0.04 [ '
for 32 energies for 32 energies =352 0.02 -
0.00 eSS o s nes Fra e P
and bound All above, plus All above, plus N A T e il N
A |1s0g) 12poy) 354 01 2 3 4 5 6 7 8 9 10 11 12
) I I ) LI 'd L
B All above, plus All above, plus 0.25 |- 7~ <2pc|H(rad)|epo> -
|3d ) |2p ) 7N\ - - - - <2po|H(rad)lefo> -
13doy) 13pa,) 0.20 W \\ ------ <2po|H(rad)|sho>'_
|250'g> |3p77u> 360 015 ; ‘\‘ e <2pc|H(ang)|spn>_
o | N T <2polH(ang)lefn> ]
o N
C All above, plus  All above, plus £ 0.10 N <2ps|H(ang)lehn>_
= [ .
D All above, minus 0.00
[2pr,) 196 I
-0.05 |- Sc e - -

#SetD contains four discrete statesg@,, 3po,, 3pm,, 4fa,) PR NNV VN NP TP TP TV U NPV NP PO

and 192 continuum staté82 energies for the six-partial waves 6 1 2 3 4 65 6 7 8 9 10 11 12

above. Internuclear separation R (a.u.)

A L . . . . FIG. 2. Couplings to the lowest partial waves for final electron
(indirect ionization, andD, which contains 32 energies be energiese=0.01 Ry from the So(panel a and Do (panel b

low 1.0 Ry for each partial wavgs1]; then the total con- tates in § molecule, where Kad) and Hang are the radial and

t!nuum states are accounted for up to 352. Within the Stra'.ghzngular coupling operators with ETF corrections added, respec-
line approximation, we have solved the coupled dlﬁerentlal[ively.

equations[Eq. (2)], for 100 impact parameters arranged in

0.0—6.0 a.u. at 32 collision energies from 0.1-10 keV/amu.
(2poy|H(rad) epo) by 40% at the maximum. However, for

the 1soy coupling, (1so4|H(rad) eso) also dominates the
other couplings from o .

Employing the ETF’s of Ref{22], we have computed the Figure 4 shows the energy dependence of couplings
nonadiabatic coupling for both discrete-to-discrete and1sogy|H(rad)eso) and (2poy|H(rad)epo). The cou-
discrete-to-continuum transitions. The corrections arisingplings from 2po, are much sensitively dependent on the
from ETF’s exactly cancel the spurious asymptotic couplingsenergy of continua electron than those frosu}; the size
and produce substantial reductions in the size and effectivef couplings from Do, is reduced by about factor of 2 with
range of most coupling matrix elements. Since the discretethe continua electron energy increase from 0.01 Ry to 1.0
discrete couplings have been discussed in detail by Kimur&y; however, couplings from sry are changed only by
and Thorsorj23], we only show the discrete-continuum cou- ~25% in size,(see also Figs. 2 and.3The sensitive energy
plings in this paper. dependence of couplings frompa, is understood by the

The ETF-corrected couplings frons&y and 200, to the  potential curve of po,: near the united-atom limit, (2o,
lowest partial waves are plotted in Figs. 2 and 3 for thelies about 1.0 Ry below the ionization limit, in contrast to the
ejected electron energies-0.01 and 1.0 Ry, respectively. It 4.0 Ry deep potential ofslry. Then the change of couplings
can be seen that the corrected couplings are significant oniy size is analogous to the potential curves of bound states, as
for the first two or three partial waves and their range is lessndicated in Eq(3).
than 10 a.u. Whereas the uncorrected perturbed stationary- Referring to Figs. 2, 3, and 4, we have said that ETF's
state (PSS theory predicts large couplings to 30—40 con- simultaneously and systematically reduce the couplings from
tinuum and an envelope of PSS couplings that has a range dfscrete state to all continuum states, and the couplings are
40 a.u(see also Ref[32]). The strongest coupling from significant only for small internuclear separations. Consider-
2pay is (2pay|H(ang) epr) caused by rotation of the qua- ing the potential curves ofsbry, 2po, and the correspond-
simolecule, and it exceeds the radial coupling gfo3, ing couplings, we may predict tentatively without detailed

A. Couplings and ionization probabilities
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0.12 — —
0.10 <1sc|H(rad)[eso> _
' = === <lsc|H(rad)|eds> | &
oosH \ <1sc|H(rad)lego> | 4
== <1sc|H(ang)|edn> | )
S 0.06 ---—--- <1sc|H(ang)legn> 4 g
R= I
! o
3 004 | (a) d °
° T
002F 0. i
1.7
2 =
0.00 fmemeZ e
L 1 1 1 1 1
0 2 4 6 8 10 12
0.15 T T I T . T . T '
. <2ps|H(rad)|epo>
7N - - - - <2po|H(rad)|efo>
otof [/ N T <2po|H(rad)[sho> |
i \, ——— <2po|H(ang)|epn>
o y \\ ---—--- <2poc|H(ang)|efr> 4
2 oos |- N\ <2polH(ang)[ehn> _ e
S ) ©
0.00 I
o
o3
Al
v
-0.05 . .
0 2 4 6 8 10 12

Internuclear separation R (a.u.)

FIG. 3. Same as Fig. 2 except=1.0 Ry.

FIG. 4. Energy dependence of ETF-modified couplings
(1sog|H(rad) eso): upper panel, ang2po|H(rad) epo): lower
panel.

numerical calculationsi) ionization cross sections ofpr,
electrons are much larger than those sir} electronsii)
ionization is mainly caused by close collisions.
Collision history(molecular-state probability vs timeef
po andps ionization channels are shown in Fig. 5 at colli- ization in p7 channel by~40% comparing to seA. How-
sion energy E=2 keV/amu for impact parameteb  ever, o, produces much stronger effect than all the others.
=1.0 a.u. and final electron energy=0.01 Ry. The state Fig. 5, we also plot the ionization probabilities with the basis
probabilities P(b) oscillate with collision timevt which  setB, which is difficult to distinguish from values of s€tby
shows the electron transition in molecular states. The mageyes. It means that the calculations are already converged
nitude of oscillation decreases wiilt increasing and be- with the basis set including five bound states and six con-
comes stable after propagating a sufficiently long periodtinuum partial waves for ungerade component at the low keV
lonization probabilities with basis sétare higher than those energies.
of basis seC by ~30% inpo channel, and by one order of Figures 6 and 7 show the weighted ionization probabili-
magnitude inp7r channel. It is due to the important flux loss ties P(b)b of u components as a function the impact param-
from 2po, to 2pm,. The two states o, 2pm, are de- eterb at the ejected electron energies 0.01, 0.1, and 1.0
generated in the united-atom limit and strongly coupled byRy with the collision energieE=2 and 4 keV/amu, respec-
the rotation of quasimolecule. Since couplings to continuuntively. The area below each curve is proportional to the value
states are significant only for small internuclear separd®ion of partial cross section. From these two figures, it can been
an excitation to P, does not reduce the energy gap toseen that onlypo or pa channel is important for electron
continuum much. Thus the strong angular couplingemission in this energy range. The ionization probabilities
(2po |H(ang)2pm,) efficiently depopulates the initial state decrease rapidly with the increasing ejected electron energy
2poy, and eliminates the maximum appearing in 8edear and with the decreasing collision energy. With the ejected
vt=23.5 a.u. To confirm this point, a calculation is done onelectron energy increasing from 0.1 Ry to 1.0 Ry, the ioniza-
the basis seD in which 2p7, has been removed, and the tion probabilities drop down by one order of magnitude at
results are shown as dash dotted lines in this figure. We catme maximum ofbP(b) for collision energiesE=2 or 4
see that the upper levels excegt72, increase the ionization keV/amu. Peak of ionization probabilities shifts to the left-
probability to po channel by~25% and decrease the ion- hand side(i.e., to small impact parametgrsiith continua
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005 —p——7T——T1T—— T T T T 0.25 ‘(a)' ' &=0.01Ry po
(@ : 020 E=2 keV/amu ----fo ]
0.04 | 1 sesft/ \ - "]
; ] 2 015 —— pr
- ] -Q T _f
1 T
0.08 f 1 = N @ hr ]
,\ F ] ™ 0.05 y
s _ ] ]
< [ J 1 P | n A1 e =
wh ] 0.00
0.02 ] 0 1 2 3 4 5 6
' . T T T T T T I ]
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FIG. 6. Weighted ionization probabilities as a function of the
FIG. 5. Collision history [molecular-state probabilities vs impact parameteln (atomic unit$ at the collision energy of 2 keV/
weighted time ¢ Xt)] for the po (upper pangl and pm (lower  amu. The three figures are for the ejected electron energies
pane) ionization channels. Collision energys=2 keV/amu, im-  =0.01, 0.1, and 1 Ry from top to bottom. Calculations are per-
pact parameteb=1.0 a.u, and the ejected electron energy formed on the basis s€.
=0.01 Ry. Dashed lines show basis sedotted lines show seB;
solid lines show se€; and dash dotted lines, show dat and most of electron emissions take place as a results of
close collisions withb~1 a.u. The distribution of ejected
electron energy increasing. In the top panel in Fig. 6 or Figelectron is antisymmetric, a fast electron taivat-1 a.u. is
7, e=0.01 Ry and ionization t@o channel predominates found, which is produced by and only by collisions wih
others, while at the bottom panet=1.0 Ry and thep ~1 a.u. Let us note at the moment that the mean radius of
channel is the most important. It should also be noted thalhydrogen atom is 1.0 a.u. and the half of collision velocity is
distribution of ionization probabilities in channels dependsaboutV,/2=0.28 a.u. aE=4 keV/amu. Thus the ionization
on the collision energ¥; p electron ionization probability is mainly caused by “head on{on electron collisions and
is order of magnitude higher than that gfo at E results a free electron with half of the collision velocity, i.e.,
=2 keV/amu and by factor of 2 &=4 keV/amu. At low v =V/2.
keV energies, the ionization mainly produces slow electrons For a collision energfe=10 keV/amu, we have plotted
in po channel by the relative long-range interactions, whilethe ionization probabilityp P(b,E) against the electron ve-
the fast electron can only be produced by the close collisiotocity v, and impact parametdrin Fig. 9. The maximum of
through the angular coupling mechanism as shown in th&P(b,E) is nearv,=~0.40 a.u.b=1.2 a.u. on the final elec-
bottom panel of Figs. 6 and 7. The fast free electrons are itron velocity and impact parameter plane. Now the half of
7 States. collision velocity V /2 is about 0.45 a.u., and the ejected
The distribution of ionization probabilityoP(b,E) is  electron velocity Is sightly smaller thaiV,/2, opposite of
shown in Fig. 8 as a function of ejected electron veloeity Fig. 8. The spectra of the electrons emitted in ion-atom col-
and impact parameterb for a collision energy E lisions have been recognized with peaks corresponding to
=4 keV/amu. It can be seen that tbé(b,E) peaks atv,  soft electrons {.=0), electron capture to the continuum
=0.31 a.u,b=1 a.u. and decreases rapidly with the increas{v.=V,), binary encounter collisionsv(=2V,), and per-
ing impact parametep and final electron velocity.. The  haps an additional peak corresponding to the “saddle-point”
ionization probabilities are negligibly small fd&>3 a.u.,  electrons {.=V/2) [5,19. Although the electron distribu-
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FIG. 7. Same as Fig. 6 except=4 keV/amu.

tions in Figs. 8 and 9 peak neag=V /2, there is no linear
response td/, for electron velocityv, at the peak, say,
>V,/2 at the collision energyE=4 keV/amu andv,
<Vp/2 at E=10 keV/amu. Thus the maxima of ionization

10" bdP(b)/dv,

FIG. 8. Weighted ionization probabilitgP(b,E) as a function
of ejected electron velocity, and impact parametdérat a collision
energyE=4 keV/amu(i.e., V,/2=0.28 a.u.). In this figure, calcu-

lations are carried out with basis g&t
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FIG. 9. Same as Fig. 8 excef=10 keV/amu (i.e., V,/2
=0.45 a.u.).

probabilities in Figs. 8 and 9 should not be considered as a
“saddle-point” electron emission. With the increase in colli-
sion energy, an amount of slow electrons can be produced by
a collision with large impact parametbe3, as shown in
this figure. These soft electrons arepitr state. The height of
fast electron tail increases t035% of the peak, comparing
to 20% in Fig. 8 atE=4 keV/amu.

Figure 10 shows the ionization probability distribution as
a function of collision velocityVp and impact parametdy
for the given final electron energg=0.1 Ry, i.e., v,
=0.32 a.u. near the peak @fP(b) in Figs. 8 and 9. The
ionization probability increases with increasing collision ve-
locity not only in the magnitude, but also in the effective
range of impact parametdx. At a relatively high collision
energy, electrons can be ejected by a long-range interaction,

bP(b)

P )
XS SERERE |

il

FIG. 10. Weighted ionization probabilitigsP(b,E) as a func-
tion of impact parameterb and collision velocitiesVp. In this
figure, the ejected electron energyeis 0.1 Ry, i.e.,v,=0.32 near
the maximum obP(b,E) in the final electron velocity space. This
calculation is performed on the basis &kt

042707-8



TOTAL AND DIFFERENTIAL CROSS-SECTION.. .. PHYSICAL REVIEW &6, 042707 (2002

1 1 I 1 1 1 1 E 18 )
2p ] [ (a
c vt 3] el @ :
o g [
W, 0 . 2 12 .
= 1 o YR e 2 1
A %
5 AT T 1 ©o09} .
= ’ 2 b=
O S =] L
% 0.01 e 5 0.6
g : I |
e [2}
o o3 .
T T T T T T (&) L
(a) 3 4 5 6 7 8 0.0 L
0
1 I v 1 1 I 1 1 1 1 18 !
Capture i b
[ . | i
N . E i E 9‘ ~~~~~~ g ..... M _"_._F,....v--"""'"-; NA15 ( )
g ? ............ i d g 5
e 04 2p ? __________ ? f ®- 2 12F 7
o e 1 2 |
g e SIS B :
B c
g $t | £
@ 0.0 i S 6 _
3 [75] B
8 ¥ 2
&) S 3 4
I v 1 v 1 I 1 ' 1 ' 1 v 1 o I
1 2 3 4 5 6 7 8 0 PR S S S —
(b) Energy (keV/amu) 0 2 4 6 8 10

Collision energy E (keV/amu)
FIG. 11. Cross-section comparis@r-p system for (a) excita- FIG. 12. Total ionization cross sectionsgirH collisions: dashed

tion to 2s and 2p levels and(b) capture into 2 and 2p levels of  |ines show sef: solid scatters show s& and solid lines show set
atomiC hydrogen in CO”iSiOnS W|th SlOW pI’OtOI’]S. SO“d Squal’es W|thC In the figure'g Components are p|otted in the upper pane' and
error bars show measured values of Barfg®; solid circles with  components in the lower panel.

error bars show measured values of Morgarl. [34]; dotted lines

show the triple-center close-coupling calculations of MClaUQh"ndouble-center close-coupling calculations of Toshii@his
et al. [16]; open triangles show the double-center close-couplin

. . . . PiNGsetter than 20% in all cases. A very good agreement for
calculations of Toshim49]; open circles show molecular orbital s .
close-coupling calculations of Kimura and Thord@3]; and solid e_Iectron Captgre to the_prOjeCtlle is found in case of the pre-
diamonds show present calculations with basisGet vious Calculatlpns by K|mura and Thors(zs]. for Instance
the cross section at 5 keV in R¢R23] agrees with our result
in contrast to the slow collision emitting electrons only Within 5% for 2s charge transfer, and within 6% forp2
through “head on” collisions. charge transfer'. These are the upper bounds for all ejected
electron energies; e.g., the 6% difference fqu 2harge
transfer corresponds to the ejected electron ene¢gy
=0.01 Ry, and it decreases to only 1-2 % difference: at
1. Excitation and charge-transfer cross sections =1.0 Ry.

As we stated in the Introduction, target excitation and The transition; between discrete states, which occur at
charge transfer are important processes in the collision er{grge values OR_ m_fact do cause a slower_ convergence of
ergy range below 10 keV/amu, which may influence the hy_the capture/exmtatlo_n cross sections. T_hls particular case,
drogen ionization cross sections. Hence we compared o owever, does not influence our_|on|zat|on cross S.eCt'OnS’
results with various calculations and experiments, namely fo ecause the_ ETF—corr_ected couplings tothe lonization con-
the excitation and capture intosZand 2p levels of atomic tinuum practically vanish at large values &f
hydrogen in Fig. 11. Our results are in a good agreement o .
with the measured datg83,34 for collision energies be- 2. lonization cross sections
tween 1 and 7 keV/amu for target excitation or capture to The total ionization cross sections computed with the ba-
projectile. Yet, at higher energies, our calculatqul éxcita-  sis setsA, B, andC are shown in Fig. 12g components in
tion cross section increases more quickly than the measureate upper panel, and components in the lower panel. The
values of Barnetf33] (cf. Fig. 11). The agreement with the corresponding ratios of TICS’s with different basis set are

B. Cross sections
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sions: dashed lines show sitover setC; solid lines show seB FIG. 14. Total ionization cross sections of proton-hydrogen sys-
over setC. In the figure,g components are plotted in the upper tem: solid circles show measured cross sections of Shaih [6];
panel andu components in the lower panel. open sguares show measured cross section of Pieksmia[5];

dash dotted lines show hidden-crossing theory v@tand T and
plotted in Fig. 13. From the two figures, it is clearly seen thatradial decoupling promotion mechanisii®]; dashed lines show
in case ofg components the upper levels incorporated inhidden-crossing theory with onl$ and T promotion mechanisms
basis setC enhance the total ionization cross sections by[5]; dotted lines show close-coupling triple-center calculatidis
approximately two times at the collision energies above Zriangles show two-center close-coupling calculatifg short
keV/amu. This means that the dominant mechanism for iondash dotted lines show two-center atomic-orbitals-plus-pseudostates
izing a Iso, electron does not involve direct excitation by a expansion17]; and solid lines show present ETF's modified mo-
single impulse, but a “ladder-climbing” process in which the lecular basis expansion calculations with basisGet
electron is gradually detached in a series of small impulses,
and does not come out with large amounts of excess energgpo, and decreases ionization probabiliti¢see also Fig.
However, the case ai components is completely different, 5]. Then the completely different roles of upper levels in
TICS'’s with basis se€ are much smaller than those of basis ionization ofg andu electrons are determined by the poten-
setA below 6 keV/amu aE=2 keV/amu with the discrep- tial curves of bound states injHin the united-atom limit.
ancy up to factor of 2.5. In this case, the upper levels are d@he difference between basis sBtandC is rather small, the
trap instead of a steping stone. As stated in Sec. Il A, theatios of TICS’s differ from a unit not larger than a few
ionization is driven by short-range couplings and takes placgercent.
only at small internuclear separations. The potential curves Figure 14 shows the total ionization cross sections that we
of bound states, especially near the united atom limit, play awomputed using the basis g&tin comparison with the vari-
essential role in interpretation of ionization dynamicsol ous theoretical calculations and the available experimental
lies far below any other bound or continuum states, but thelata. Our cross sections are one time smaller than those of
excitation to an upper lying state significantly reduces thehe triple-center atomic-orbital close-coupling calculations of
energy distance to the continuum, and thus effectively enRef. [6] above; they exhibit closer agreement at collision
hances the interaction with the continuum states family, energies lower than 1.5 keV/amu. The hidden-crossing cal-
the strongly coupled statepz, and 2o are degenerated culation includingSand T promotions and the radial decou-
in the united-atom limit, therefore excitation t@p#, does  pling mechanisni19] is 30% higher than our results at 10
not reduce the potential much. The strong angular couplinggeV/amu. Their cross section decreases more slowly with the
(2pmy|H(ang)2poy) introduces an important flux loss to energy decreasing, and thus at 1 keV/amu the difference
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from our calculations is as high as a factor of 6. Yet, our
values are in better agreement with the hidden-crossing
method including only§8 and T promotiong[5], with the dis- =
crepancies better than 30% as usual. This holds except fo CC
the collision energy below 2 keV/amu, where the hidden-
crossing calculations decrease faster, and the cross sectiol
of Ref. [5] are by a factor of 2 smaller than the present
results at 1 keV/amu. Our calculations agree well with the
two-center close-coupling calculation of Toshiifgd in the
range 4—10 keV/amu, but Toshima’s values become smalle
than us and dropped much faster below 4 keV/amu. The
present results are also compared with the measurements 1
Pieksmaet al. [5] and Shahet al. [6]. Our values come at
25% below the measured cross sections of Rdfat 6 keV/
amu, and decrease much more rapidly with the decreasin
collision energy, the discrepancies up to a factor of 6 at low-
est considered collision energy 1 keV/amu. However, our
results are in an excellent agreement with the recent experi
mental data of Shakt al. [6], since they lie within the ex-
perimental error bars in the entire energy range considered
Such an agreement should be expected when the importar
direct and indirect ionization mechanisms are all included, —
boundary conditions treated properly, and the numerical ac-n>:‘
curacy of all calculations sufficiently maintained. a
The total ionization cross section jH system was al-
ready plotted in Fig. 1 for a broader energy range 0.1-100C«
keV/amu, in which various calculations are compared. "
TICS’s from Toshima[9] are 20% higher than the experi-
mental value$7,8] aroundE =100 keV/amu, and they are in
a good agreement at the high-energy region. The triple-cente
close-coupling calculationg6,16] predicted the cross sec-
tions at low-to-intermediate energies to be larger than the 2.0
measurement dafé,8] up to a factor of 2, and they decrease 1.5
much faster at collision energies above 50 keV/amu. They /O -1.0
are also found to oscillate with collision energies. The con- 7ol -
tinuum distorted-wave eikonal initial-stat€DW-EIS), ap- //,9 00°71.0
proximation, is a high-energy theory by Crothers and Mc- ¥ ) ' \6\
Cann [35], who obtained their cross sections in a good \Og\‘)
agreement with the measurements by Shah and co-workers FIG. 15. Single-differential ionization cross sections of proton-
[7,8] for energies above 25 keV/amu. All the above theorieshydrogen system: thg andu components are shown in the upper
predicted TICS’s decreasing much more rapidly than our reand lower panels, respectively. Numerical values are obtained by
sults and the experimental dd& below 1.5 keV/amu. present ETF-modified molecular close-coupling calculations with
The accurate total ionization cross sections by the ETFbasis seC.
modified close-coupling expansion in Fig. 14 is not the only
principal result of our paper. In Fig. 15, we plot the single-ure. There is a region in the two projections where for a
differential cross sections as a function of ejected electroronstantdo/de, the ratio ofe/E is a constant. It shows that
energiese and collision energieg&. The cross sections @  a small amount of electrons gain energies from incident pro-
andu components are shown in the upper and lower panelgons in a single impulse, and comes out with large excess
respectively. The ionization cross section decreases rapidlynergy. Such a process is analogous to electron capture to
with the increasing final electron energy and decreasing coleontinuum, in which the projectile transfers a part of its ki-
lision energy. The ionization is significant only when colli- netic energy to the target in a constant rate and results free
sion energie€ is above 3 keV/amu fog components and 1  electron withv~V,,.
keV/amu for u components. At a collision energ¥ Figure 16 shows the distribution of partial ionization cross
=10 keV/amu, the differential cross sections of  sections as a function of collision energy. The energy of
=0.01 Ry is about two orders of magnitude greater than thagjected electron is taken as=0.01 Ry. This figure repre-
of e=1.0 Ry. The differential cross sectiolo/de of ucom-  sents our previous statement that the ionization cross sec-
ponents is about one order of magnitude greater than that dions are significant only for two or three channels either for
g components at their maxima. We have projected the differg components or fou components. In case gicomponents,
ential cross sectiondo/de on the bottom plane in this fig- so, do, andd= are the important channels below 4 keV/

cm

do/de (10

cm’

do/de (10

0.5
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10 g hydrogen collision system at 0.1-10 keV/amu. We use the
F close-coupling expansion with ETF’s modified Hnolecular
states. It is the first calculation using this method for the
ionization problem, based on the direct evaluation of all cou-
plings between the bound and continuum states. Our results
are in an excellent agreement with the recent experiments of
Shahet al. [6], but differ from the other measurements by
Pieksmaet al. [5].

From a methodological point of view, we show that the
appropriate ETF's not only exactly cancel the spurious
asymptotic behavior of nonadiabatic couplings, but also sys-
tematically reduce the size and effective range of most cou-
pling matrix elements. With the ETF-corrected molecular ba-
sis, the accurate ionization cross sections can be obtained by
a calculation in a small region of configuration space and
coordinate space. For,Hsystem in the range 0.1-10 keV/
amu, a good convergence has been achieved with a basis
including 10 bound states and 11 continuum partial waves.

In addition, we find that the upper levels play a com-
pletely different role ing and u components. In case @f
components, an excitation sequence via upper levels is the
dominant mechanism for the ionization, which enhances the
total ionization cross sectiorfas compared to the direct ion-
ization processby more than two times at the collision en-
ergy E=10 keV/amu. In case afi components, the excita-
tion to upper levels reduces the total ionization cross section
significantly, especially the excitation topzr, molecular
0 2 4 6 8 10 . y U ;

state. Since the total ionization cross section is mainly de-
Collision energy E (keV/amu) cided by u components, we conclude here that the upper
levels are a “trap” on the way of electron going to ionization

FIG. 16. Partial ionization cross sections as a function of thecontinuum, in contrast the general recognized “ladder.” Us-
collision energyE for the ejected electron energy=0.01 Ry. Up-  ing the ETF-modified MOCC method, we have a tool to
per panelg components, lower panel components. examine the role of each molecular state in the ionization

process in a systematic way. The present method is readily
amu, but the partial ionization cross sectionsafchannels applicable to further physical systems of interest, such as
increase much more rapidly than the other two, and exceede" */H, p/He*, or p/Li.
them by order of magnitude &=10 keV/amu. The chan-
nelspo, p, andf s are important in the case afcompo-
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