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Total and differential cross-section calculations for proton-impact ionization
of hydrogen at low energies
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Lukáš Pichl
Foundation of Computer Science Laboratory, University of Aizu, Tsuruga, Ikki, Aizuwakamatsu, Fukushima 965-8580, Japa

Mineo Kimura
Graduate School of Science and Engineering, Yamaguchi University, Ube, Yamaguchi 755-8611, Japan

Takako Kato
National Institute for Fusion Science, Oroshi-cho 322-6, Toki, Gifu 509-5292, Japan

~Received 21 May 2002; published 11 October 2002!

We have computed the single-differential and total ionization cross sections for the proton-hydrogen colli-
sion system at low-energy range~0.1–10 keV/amu!, using the electron translation factor corrected close-
coupling method. Full convergence of ionization cross sections as a function of H2

1 molecular 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 Shahet al. @J. Phys. B.31, L757 ~1998!#, but decrease
more rapidly than the cross sections measured by Pieksmaet al. @Phys. Rev. Lett.73, 46 ~1994!# with decreas-
ing energy. We have found that the 1ssg electron ionization is a rather higher-level ladder climbing process
than a direct mechanism; the 2psu electron, on the contrary, is ionized directly and the higher levels act as a
temporary trap.

DOI: 10.1103/PhysRevA.66.042707 PACS number~s!: 34.50.Fa, 52.20.Hv
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I. INTRODUCTION

Ion impact ionization has been an interesting problem
many years, with its important application in fusion reacto
radiation damage in biological matters, energy loss of he
ions in solid targets, etc. There is an enormous amoun
efforts to fully understand the electron emissions during i
atom collisions from both the experimental and the theor
cal perspectives~see Refs.@1–4# and references therein!.
Yet, our understanding of even such a basic ion-atom co
sion system, proton on hydrogen, is not very good espec
at low energies. At keV energies, the total ionization cro
sections obtained by experimental studies of Pieksmaet al.
@5# were found to be quite larger than the recent meas
ments of Shahet al. @6# below 10 keV/amu, and to decreas
much less rapidly with the energy decrease. At the low
energy considered~1 keV/amu!, the cross sections o
Pieksmaet al. @5# exceed the values given by Shahet al. @6#
by ; four times. The numbers from the precise experime
@7,8# and the extensive theories@9–11# disagree by 20% a
the peak of ionization cross section. The above experime
and theoretical results are shown in Fig. 1 together with ot
main contributions over the years, and detailed statement
these works are given in below.

Dealing with ionization, we should always count for th
probabilities of concurrent processes, i.e., elastic scatter
target excitation, and electron capture to the projectile.
low-to-intermediate energies, where the ionization is int
twined with other inelastic and elastic processes, it is
possible to describe one process accurately without trea
1050-2947/2002/66~4!/042707~13!/$20.00 66 0427
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all of them. Thus, it is a paramount to develop an appro
mation providing high accuracy cross sections for proto
impact ionization.

The first attempt at calculating ionization cross sections
slow p-H collisions was performed by SethuRamanet al.
@12#. They employed the electron translation factor~ETF!
modified molecular orbital as zero-order basis to comp
the first-order couplings, and then solved the system in
perturbation approximation. It is a sensible thing to do if t
cross section is small~i.e., the coupling is weak!. In such an
approach, they calculated the energy distributions of ejec
electron at collision energies 50–500 eV, but the total ioni
tion cross sections were not presented. Later, Thorson
co-workers @13,14# have studied extensively the base
ETF-modified molecular-orbital close-coupling approac
They presented suitable electron translation factors base
the molecular-state switching functions in order to corr
the asymptotic behavior of nonadiabatic couplings. Thors
et al. also gave a formulation of molecular basis clos
coupling expansion, in which the flux loss from the truncat
basis space has been accounted for. However, the obser
quantities, total ionization cross sections, are still not p
sented by them.

Winter and Lin@15# proposed a triple-center atomic-sta
expansion method for describing ionization at low energi
This method accounts for the mechanism in which the e
tron is not removed until it is asymptotically located at t
point of unstable equilibrium between the nuclei~the third
center!. Further, elaboration of the triple-center atomi
orbitals method by McLaughlinet al. @16# showed a good
©2002 The American Physical Society07-1
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agreement with the previous method of Ref.@15# for all en-
ergies considered. Both these calculations predict va
larger than the experimental cross sections of Refs.@6,8#, but
the discrepancy is the smallest at the lowest-energy re
that they considered. The values obtained by Fritsch and
@17# in their double-center 46 atomic-state-plus-pseudos
calculations~which were extended down to 4 keV/amu! were
found to be smaller, on the contrary, they also exhibit clo
agreement with the experiment in the lowest-energy reg
A very detailed study of the two-center atomic-orbital expa
sion approach by Toshima@9# provided the ionization cros
sections at the energy range 1–800 keV/amu, which w
found to be 20% higher than the experiments of Shah
co-workers@7,8# at the peak of ionization cross section. B
also two more recent calculations@10,11# claimed that they
are in good agreement with Toshima@9# and about 20%

FIG. 1. Total ionization cross sections of proton-hydrogen s
tem: panels~a! and ~b! are for low- and high-energy regions, re
spectively. The circles with error bars show measured cross sec
of Shahet al. @6–8#; squares with error bars show measured cr
sections of Pieksmaet al. @5#; curve HC2 shows hidden-crossin
theory withS andT and radial decoupling promotion mechanism
@19#; curve HC1 shows hidden-crossing theory with onlyS and T
promotion mechanisms@5#; curve TC2 shows close-coupling triple
center calculations of Shahet al. @6#; curve TC1 shows close
coupling triple-center calculations of Mclaughlinet al. @16#; curve
DC2 shows two-center close-coupling calculations of Toshima@9#;
curve DC1 shows two-center close-coupling calculations of Frit
and Lin@17#; and curve CDW-EIS shows continuum distorted-wa
eikonal initial-state approximation of Crothers and McCann@35#.
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higher than the experimental values@7,8# at the maximum.
The cross sections from Toshima@9# agree well with the
measured data of Ref.@6# at energies 4–10 keV/amu, bu
decrease more rapidly than those of Ref.@6# below 4 keV/
amu.

Pieksmaet al. @5# calculated the velocity distributions o
ejected electrons and total ionization cross sections base
the hidden-crossing model with the contributions fro
T-type crossing~connected with the saddle-point ionizatio
mechanism! andS-type crossing~associated with the transi
tion from quasimolecular to united-atom behavior!. In their
work, the additional low-energy contributions from radial d
coupling mechanism proposed by Ovchinnikov and Mac
@18#, which involve the decoupling of electron on nucle
motion within the united-atom limit, were also considere
At that time, the calculations of Pieksmaet al. came below
the available experimental data@5# and decreased more rap
idly with the decreasing energy. Later, the contributions
radial decoupling mechanism were recalculated in a rec
paper of Pieksmaet al. @19#. The new values include the
contributions from this recalculated radial decoupli
mechanism, and therefore they are in a better agreement
the experimental values of Ref.@5#, but disagree with the
more recent experimental data by Shahet al. @6#. The cross-
section data in Ref.@6# decrease much more rapidly tha
those of Pieksmaet al., both for the calculated@19# and the
measured@5# values, but agree well with the older version
hidden-crossing calculations@5#.

On the experimental side, thep-H system is difficult for
investigation because of problems in making and charac
izing the atomic hydrogen target. At low energies, the di
culty also comes from making high current and low veloc
protons. The first studies by Fiteet al. @20# measured the
ionization cross section at 0.04–40 keV/amu, and the res
were found to be of higher magnitude than the genera
accepted data of Ref.@8#. Experimental studies by Pieksm
et al. @5#, focusing on the identification of saddle-point ele
trons, produced the total ionization cross sections at 1
keV/amu, which were found to follow av2 dependence on
the collision velocity near the threshold@19#. The error bar is
the largest at the lowest energy of 1 keV/amu for the cro
section measurement of Ref.@5#. At the low keV energies,
the most recent measurements on ionization inp-H collisions
were carried out by Shahet al. @6# in the range 1.25–9 keV
amu. They obtained the absolute values of total ionizat
cross sections with the accuracy in the range 20–30 %.
cross sections of Shah are 45% smaller than those of Ref@5#
at 6 keV/amu and they decrease much more rapidly, wh
results in the difference from the values of Ref.@5# as high as
the factor of;5 at the lowest energies considered.

On the theoretical side, thep-H system is especially inter
esting because it provides a prototype within which a vari
of important physical and methodological problems can
studied in a well-defined manner. Molecular basis exp
sions are widely recognized as an appropriate theoretica
proach to the slow ion-atom collisions. However, molecul
state calculations require careful consideration of the effe
of ETF’s @1,13,21#. Neglect of these introduces spuriou
long-range couplings and can also lead to incorrect phys

-

ns
s

h

7-2



r
ive
ll-
o

om

oo
ng

te

-
u

in
F

I w
u
d

ls

ks

b
-
n

r

d

e-

on
o-
ou-
dre
ors

ons
ed
sed.

rt
with
the

less
pre-
icu-
der
on-

tions
sar-
s.

ace
oss
babil-
tly
s of
suf-
lity

ix

ro-
-

s
n-

or

in

TOTAL AND DIFFERENTIAL CROSS-SECTION . . . PHYSICAL REVIEW A66, 042707 ~2002!
predictions@1,13,21#. In this work, the ETF’s appropriate fo
molecular states, with the two-center character, are der
by using the method of switching functions. The we
defined switching functions for the exact molecular states
H2

1 have been deduced by an analytical two-center dec
position scheme by Thorsonet al. @22#, and used to deal with
the charge transfer and the excitation resulting in very g
results @23#; we have adopted these analytical switchi
functions in our calculations.

In the light of the above discussion, we have calcula
the differential cross sections~DICS’s! and the total cross
sections~TICS’s! for ionization of atomic hydrogen by pro
ton impact at low collision energy range 0.1–10 keV/am
including the charge transfer and the excitation channels
consideration. The present paper is organized as follows.
the sake of completeness and self-consistency, in Sec. I
describe the theoretical model in an extent necessary for
derstanding the method. The general theory can be foun
the publications of Thorson and co-workers@13,14#. The re-
sults of our calculations are given in Sec. III, where we a
compare to the available experimental values of Refs.@5,6#,
and to other existing theoretical results. The conclusions
our study are drawn in Sec. IV, along with our final remar

II. THEORETICAL METHOD

A. Molecular-orbital coupled equations

Let us assume the relative motion of the nuclei to
described classically by a vectorRW (t), and solve the result
ing time-dependent Schro¨dinger equation for the electro
system with Hamiltonian Hel ,

i\
d

dt
C„rW,t)5Hel~rW,RW ~ t !…C~rW,t !. ~1!

We expand the state vectorC in an ETF-modified molecula
basis set, and integrate over electron coordinatesrW. Then for
the expansion coefficientsan(t) in the molecular-orbital
close-coupling~MOCC! method, one obtains the couple
equations~up to the first order in velocityvW )

i\
dak~ t !

dt
5 (

nÞk
@Ṙ~PR1AR!1Ru̇~Pu1Au!#kn

3an~ t !expF2
i

\E
t

„en~ t8!2ek~ t8!…dt8G ,
~2!

with Q5/(vW ,RW ), where the usual coupling termsP,

Pkn
R 52 i\~en2ek!

21^fkuF]Hel

]R G
rW
ufn&, ~3!

Pu52R21^fkuL̂yufn&, ~4!

are corrected by the radial and angular ETF terms,

Akn
R 5 im/\~ek2en!^fkuz fn~rW;RW !ufn&, ~5!
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Akn
u 5 im/\~ek2en!^fkux fn~rW;RW !ufn&. ~6!

Here, m is the reduced electron mass,L̂ is the electronic
orbital angular momentum, andrW5(x,y,z), with z being par-
allel to RW . The switching functionsf n(rW;RW ), which describe
the correlation of electron motion on nuclei, in general, d
pend on the molecular-state wave functionfn(rW,RW ). We
have employed the switching function, derived by Thors
et al. @22# for the H2

1 system, based on the analytical tw
center decomposition of exact wave functions. All these c
pling matrix elements are evaluated using Gauss-Legen
and Gauss-Laguerre quadratures with relative err
<131028.

Before we move on to solve the close-coupled equati
~2!, a subtle point associated with the ETF’s modifi
molecular-orbital expansion approach needs to be discus
This is the non-Hermitian Hamiltonian matrix (PW 1AW ) in Eq.
~2!. In any calculation, we need to replace the full Hilbe
space spanned by the true discrete and continuum states
a truncated subspace. As a result, certain operators in
equations of motion cannot be fully represented, and un
great care is taken they may not even be accurately re
sented within the truncated subspace. This is true, in part
lar, for the propagator itself. Thus, a theory should consi
the flux loss from the truncated subspace, and then, in c
trast with the exact close-coupled equations; these equa
for the wave function in the truncated subspace are neces
ily nonunitary, i.e., they should not conserve probabilitie
Our locally non-Hermitian Hamiltonian matrix (PW 1AW ) al-
lows us to consider the escape of electron from the subsp
spanned by the truncated basis. Importantly, the flux l
effects decrease as the basis size increases, and the pro
ity conservation is satisfied approximately on a sufficien
large basis set. By implementing the ETF’s, the basis set
relatively small size can be considered as complete with
ficient accuracy. In the present study, we find the probabi
conservation is better than 131023 with a basis set includ-
ing ten bound states and 11 continuum partial waves.

Next, we briefly summarize the computation of matr
elements in Eqs.~3!–~6!. H2

1 is a prototype one-electron
two-nuclei system that is separable in the conventional p
late spheroidal coordinatesrW5(j,h,f), and the correspond
ing eigenvaluesek and wave functionsfk(rW;R) can be cal-
culated with great numerical accuracy@24–30#.

The wave function is factored out

fk~j,h,w;R!5Ck~R!Lk~j,R!Mk~h,R!eimw, ~7!

where Ck(R) is a normalization constant, and function
Lk(j,R) andMk(h,R) describe the quasiradial and quasia
gular motions of electron, respectively. The indexm labels
the component of electronic angular momentum on theRW
axis. The letterk stands for the three quantum numbersE, m,
andA (A is equivalent to the orbital angular momentum f
R50). The one-dimensional wave functions in Eq.~7! are
found in semianalytical forms, and the coupling terms
7-3
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Eqs. ~3!–~6! are then readily computed. The details of t
method can be found in the Refs.@24–30#.

B. Perturbative and nonperturbative solutions

The close-coupled equations@Eq. ~2!#, can be solved by
numerical integration in full dimension, but also possib
using a perturbation approach. Accounting for the fact t
all the discrete-continuum couplings are very weak~see Sec.
III A !, we could thus construct a faster algorithm for ioniz
tion problems.

Let us now consider a system that containsn-bound states
plus one continuum state, then the time-dependent Sc¨-
dinger equations for (n11) channels reads,

i\S ȧ1

ȧ2

A

ȧn

aė

D 5S 0 C12~ t ! ••• C1n~ t ! :1e~ t !

C21~ t ! 0 ••• C2n~ t ! :2e~ t !

A A � A A

Cn1~ t ! Cn2~ t ! ••• 0 :ne~ t !

:e1~ t ! :e2~ t ! ••• :en~ t ! 0

D
3S a1

a2

A

an

ae

D , ~8!

where ae is the ionization amplitude ande stands for the
continuum state energy. Matrix elements:e i(t) are

:e i~ t !5ke i~ t !expF2
i

\E2t0

t

„e i~ t8!2e…dt8G ,
whereke i(t) denotes the coupling fromi th bound state to
continuume. Suppose the ionization probability is small, w
then solve Eq.~8! in a first-order perturbation approximatio
for transition amplitudes. Finding first then3n bound state
solutionsai(t), we see that

ae~ t0!.(
i 51

n E
2t0

t0
ke i~ t !

3expF2
i

\E2t0

t

„e i~ t8!2e…dt8Gai~ t !dt. ~9!

The phase factor above rapidly oscillates witht, which
makes the results small and the method of Eq.~9! applicable.
Hence we can calculate at once the ionization cross sec
for whole energy distributione of ejected electron, changin
only the couplingske i(t). In general, the method of Eq.~9!
is ;100 times faster than that of solving the differential E
~8!.

Although the perturbation solutions reproduce the fin
state amplitudes much faster, it should be noted that the
curacy decreases with the increasing ionization probabi
In a collision with E.5 keV/amu,e,0.1 Ry, andb;0.5,
04270
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the ionization probability can be higher than 0.1 even 0.2
some cases. Since integration of differential equations~2! in
our case is tractable, we prefer to solve Eq.~2! directly to
ensure that no important interactions are missing. A Run
Kutta-Vener method with 1026 accuracy has been employe
in the present study to keep the overall numerical inaccur
confined to the cross sections smaller than 1023 after inte-
grating the transition probabilities over all impact para
eters.

Since the collision Hamiltonian is rigorously centrosym
metric for p-H system, the state vectorC in Eq. ~1! is com-
posed of noninteractingg ~gerade! andu ~ungerade! compo-
nents, and thus there are corresponding sets ofg andu close-
coupled equations~2!. If index ‘‘1’’ designates the initial
states in each set (1ssg or 2psu , respectively!, then the
initial conditions for Eq.~2! ~corresponding to ‘‘protonA
plus atomB’’ ! is

ak~ t52`!51/A2d1k , ~10!

and ~for given energyE and each impact parametersb) the
final-state amplitudesak(E,b) are computed.

Once the final-state amplitudeak(t51`) is known, we
can define the probability of excitation/or ionization to th
molecular statek as

Pk~E,b!5uak~ t51`!u2, ~11!

and the corresponding individual cross section is

Qk~E!52pE Pk~E,b!bdb. ~12!

In ionization problems,Qk(E) is the partial ionization cross
section, labeled bye, l, andm. Hence the differential ion-
ization cross section is determined by summingQ(e,l,m;E)
over quantum numbersl, m;

ds

de
5(

l,m
Q~e,l,m;E! ~13!

and the total ionization cross section

s5E ds

de
de ~14!

is obtained by integrating the energy distribution of t
ejected electrons.

III. RESULTS AND DISCUSSION

To compute the ionization cross sections, we have d
systematic calculations with basis setsA, B, andC, as listed
in Table I. Comparing the numerical results with differe
basis sets allows us to study the convergence of ioniza
cross sections with the basis size. In addition, some sele
calculation have been done on the ungerade componen
basis setC without 2ppu ~set D) to understand the role o
upper levels in the ionization dynamics. The continuum co
ponent is common in the basis setsA ~direct ionization!, B, C
7-4
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TOTAL AND DIFFERENTIAL CROSS-SECTION . . . PHYSICAL REVIEW A66, 042707 ~2002!
~indirect ionization!, andD, which contains 32 energies be
low 1.0 Ry for each partial wave@31#; then the total con-
tinuum states are accounted for up to 352. Within the stra
line approximation, we have solved the coupled differen
equations,@Eq. ~2!#, for 100 impact parameters arranged
0.0–6.0 a.u. at 32 collision energies from 0.1–10 keV/am

A. Couplings and ionization probabilities

Employing the ETF’s of Ref.@22#, we have computed the
nonadiabatic coupling for both discrete-to-discrete a
discrete-to-continuum transitions. The corrections aris
from ETF’s exactly cancel the spurious asymptotic couplin
and produce substantial reductions in the size and effec
range of most coupling matrix elements. Since the discr
discrete couplings have been discussed in detail by Kim
and Thorson@23#, we only show the discrete-continuum co
plings in this paper.

The ETF-corrected couplings from 1ssg and 2psu to the
lowest partial waves are plotted in Figs. 2 and 3 for t
ejected electron energiese50.01 and 1.0 Ry, respectively.
can be seen that the corrected couplings are significant
for the first two or three partial waves and their range is l
than 10 a.u. Whereas the uncorrected perturbed station
state ~PSS! theory predicts large couplings to 30–40 co
tinuum and an envelope of PSS couplings that has a rang
40 a.u.~see also Ref.@32#!. The strongest coupling from
2psu is ^2psuuH(ang)uepp& caused by rotation of the qua
simolecule, and it exceeds the radial coupling of 2psu ,

TABLE I. Molecular basis sets for systematic close-coupli
calculations.

Gerade Ungerade Number o
Sets basis states basis states all stat

Continuum uessg& uepsu&, ueppu&
uedsg&, uedpg& ue f su&, ue f pu&
uegsg&, uegpg& uehsu&, uehpu&

Five partial waves, Six partial waves, 11332
for 32 energies for 32 energies 5352

and bound All above, plus All above, plus
A u1ssg& u2psu& 354

B All above, plus All above, plus
u3dpg& u2ppu&
u3dsg& u3psu&
u2ssg& u3ppu& 360

C All above, plus All above, plus
u4dpg& u4 f su& 362

D All above, minus
u2ppu& 196

aSet D contains four discrete states (2psu , 3psu , 3ppu , 4f su)
and 192 continuum states~32 energies for the sixu-partial waves
above!.
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^2psuuH(rad)ueps& by 40% at the maximum. However, fo
the 1ssg coupling, ^1ssguH(rad)uess& also dominates the
other couplings from 1ssg .

Figure 4 shows the energy dependence of coupli
^1ssguH(rad)uess& and ^2psuuH(rad)ueps&. The cou-
plings from 2psu are much sensitively dependent on t
energy of continua electron than those from 1ssg ; the size
of couplings from 2psu is reduced by about factor of 2 with
the continua electron energy increase from 0.01 Ry to
Ry; however, couplings from 1ssg are changed only by
;25% in size,~see also Figs. 2 and 3!. The sensitive energy
dependence of couplings from 2psu is understood by the
potential curve of 2psu : near the united-atom limit, 2psu
lies about 1.0 Ry below the ionization limit, in contrast to t
4.0 Ry deep potential of 1ssg . Then the change of coupling
in size is analogous to the potential curves of bound state
indicated in Eq.~3!.

Referring to Figs. 2, 3, and 4, we have said that ET
simultaneously and systematically reduce the couplings fr
discrete state to all continuum states, and the couplings
significant only for small internuclear separations. Consid
ing the potential curves of 1ssg , 2psu and the correspond
ing couplings, we may predict tentatively without detaile

FIG. 2. Couplings to the lowest partial waves for final electr
energiese50.01 Ry from the 1ssg~panel a! and 2psu~panel b!
states in H2

1 molecule, where H~rad! and H~ang! are the radial and
angular coupling operators with ETF corrections added, resp
tively.
7-5
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ZOU et al. PHYSICAL REVIEW A 66, 042707 ~2002!
numerical calculations:~i! ionization cross sections of 2psu
electrons are much larger than those of 1ssg electrons,~ii !
ionization is mainly caused by close collisions.

Collision history~molecular-state probability vs times! of
ps andpp ionization channels are shown in Fig. 5 at col
sion energy E52 keV/amu for impact parameterb
51.0 a.u. and final electron energye50.01 Ry. The state
probabilities P(b) oscillate with collision timevt which
shows the electron transition in molecular states. The m
nitude of oscillation decreases withvt increasing and be
comes stable after propagating a sufficiently long peri
Ionization probabilities with basis setA are higher than those
of basis setC by ;30% in ps channel, and by one order o
magnitude inpp channel. It is due to the important flux los
from 2psu to 2ppu . The two states 2psu , 2ppu are de-
generated in the united-atom limit and strongly coupled
the rotation of quasimolecule. Since couplings to continu
states are significant only for small internuclear separatioR,
an excitation to 2ppu does not reduce the energy gap
continuum much. Thus the strong angular coupli
^2psuuH(ang)u2ppu& efficiently depopulates the initial stat
2psu and eliminates the maximum appearing in setA near
vt53.5 a.u. To confirm this point, a calculation is done
the basis setD in which 2ppu has been removed, and th
results are shown as dash dotted lines in this figure. We
see that the upper levels except 2ppu increase the ionization
probability to ps channel by;25% and decrease the ion

FIG. 3. Same as Fig. 2 excepte51.0 Ry.
04270
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ization in pp channel by;40% comparing to setA. How-
ever, 2ppu produces much stronger effect than all the othe
Fig. 5, we also plot the ionization probabilities with the ba
setB, which is difficult to distinguish from values of setC by
eyes. It means that the calculations are already conve
with the basis set including five bound states and six c
tinuum partial waves for ungerade component at the low k
energies.

Figures 6 and 7 show the weighted ionization probab
ties P(b)b of u components as a function the impact para
eterb at the ejected electron energiese50.01, 0.1, and 1.0
Ry with the collision energiesE52 and 4 keV/amu, respec
tively. The area below each curve is proportional to the va
of partial cross section. From these two figures, it can b
seen that onlyps or pp channel is important for electron
emission in this energy range. The ionization probabilit
decrease rapidly with the increasing ejected electron ene
and with the decreasing collision energy. With the ejec
electron energy increasing from 0.1 Ry to 1.0 Ry, the ioni
tion probabilities drop down by one order of magnitude
the maximum ofbP(b) for collision energiesE52 or 4
keV/amu. Peak of ionization probabilities shifts to the le
hand side~i.e., to small impact parameters! with continua

FIG. 4. Energy dependence of ETF-modified couplin
^1ssguH(rad)uess&: upper panel, and̂2psuuH(rad)ueps&: lower
panel.
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electron energy increasing. In the top panel in Fig. 6 or F
7, e50.01 Ry and ionization tops channel predominate
others, while at the bottom panel,e51.0 Ry and thepp
channel is the most important. It should also be noted
distribution of ionization probabilities in channels depen
on the collision energyE; pp electron ionization probability
is order of magnitude higher than that ofps at E
52 keV/amu and by factor of 2 atE54 keV/amu. At low
keV energies, the ionization mainly produces slow electr
in ps channel by the relative long-range interactions, wh
the fast electron can only be produced by the close collis
through the angular coupling mechanism as shown in
bottom panel of Figs. 6 and 7. The fast free electrons ar
p states.

The distribution of ionization probabilitybP(b,E) is
shown in Fig. 8 as a function of ejected electron velocityve
and impact parameterb for a collision energy E
54 keV/amu. It can be seen that thebP(b,E) peaks atve
.0.31 a.u,b.1 a.u. and decreases rapidly with the incre
ing impact parameterb and final electron velocityve . The
ionization probabilities are negligibly small forb.3 a.u.,

FIG. 5. Collision history @molecular-state probabilities v
weighted time (v3t)] for the ps ~upper panel! and pp ~lower
panel! ionization channels. Collision energy isE52 keV/amu, im-
pact parameterb51.0 a.u, and the ejected electron energye
50.01 Ry. Dashed lines show basis setA; dotted lines show setB;
solid lines show setC; and dash dotted lines, show setD.
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and most of electron emissions take place as a result
close collisions withb;1 a.u. The distribution of ejected
electron is antisymmetric, a fast electron tail atve;1 a.u. is
found, which is produced by and only by collisions withb
;1 a.u. Let us note at the moment that the mean radiu
hydrogen atom is 1.0 a.u. and the half of collision velocity
aboutVp/250.28 a.u. atE54 keV/amu. Thus the ionization
is mainly caused by ‘‘head on’’~on electron! collisions and
results a free electron with half of the collision velocity, i.e
ve.Vp/2.

For a collision energyE510 keV/amu, we have plotted
the ionization probabilitybP(b,E) against the electron ve
locity ve and impact parameterb in Fig. 9. The maximum of
bP(b,E) is nearve.0.40 a.u.,b.1.2 a.u. on the final elec
tron velocity and impact parameter plane. Now the half
collision velocity Vp/2 is about 0.45 a.u., and the ejecte
electron velocityve is sightly smaller thanVp/2, opposite of
Fig. 8. The spectra of the electrons emitted in ion-atom c
lisions have been recognized with peaks corresponding
soft electrons (ve.0), electron capture to the continuum
(ve.Vp), binary encounter collisions (ve.2Vp), and per-
haps an additional peak corresponding to the ‘‘saddle-po
electrons (ve.Vp/2) @5,19#. Although the electron distribu-

FIG. 6. Weighted ionization probabilities as a function of t
impact parameterb ~atomic units! at the collision energy of 2 keV/
amu. The three figures are for the ejected electron energiee
50.01, 0.1, and 1 Ry from top to bottom. Calculations are p
formed on the basis setC.
7-7
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tions in Figs. 8 and 9 peak nearve.Vp/2, there is no linear
response toVp for electron velocityve at the peak, sayve
.Vp/2 at the collision energyE54 keV/amu and ve
,Vp/2 at E510 keV/amu. Thus the maxima of ionizatio

FIG. 7. Same as Fig. 6 exceptE54 keV/amu.

FIG. 8. Weighted ionization probabilitybP(b,E) as a function
of ejected electron velocityve and impact parameterb at a collision
energyE54 keV/amu~i.e., Vp/250.28 a.u.). In this figure, calcu
lations are carried out with basis setC.
04270
probabilities in Figs. 8 and 9 should not be considered a
‘‘saddle-point’’ electron emission. With the increase in col
sion energy, an amount of slow electrons can be produce
a collision with large impact parameterb>3, as shown in
this figure. These soft electrons are inpp state. The height of
fast electron tail increases to;35% of the peak, comparing
to 20% in Fig. 8 atE54 keV/amu.

Figure 10 shows the ionization probability distribution
a function of collision velocityVP and impact parameterb
for the given final electron energye50.1 Ry, i.e., ve
.0.32 a.u. near the peak ofbP(b) in Figs. 8 and 9. The
ionization probability increases with increasing collision v
locity not only in the magnitude, but also in the effectiv
range of impact parameterb. At a relatively high collision
energy, electrons can be ejected by a long-range interac

FIG. 9. Same as Fig. 8 exceptE510 keV/amu ~i.e., Vp/2
50.45 a.u.).

FIG. 10. Weighted ionization probabilitiesbP(b,E) as a func-
tion of impact parametersb and collision velocitiesVP . In this
figure, the ejected electron energy ise50.1 Ry, i.e.,ve.0.32 near
the maximum ofbP(b,E) in the final electron velocity space. Thi
calculation is performed on the basis setC.
7-8



ly

nd
e

hy
o
fo

e

t

ur

for
re-

t

cted

t

r at
of
ase,
ns,
on-

ba-

e
re

ith

lin
lin
l

t
d

TOTAL AND DIFFERENTIAL CROSS-SECTION . . . PHYSICAL REVIEW A66, 042707 ~2002!
in contrast to the slow collision emitting electrons on
through ‘‘head on’’ collisions.

B. Cross sections

1. Excitation and charge-transfer cross sections

As we stated in the Introduction, target excitation a
charge transfer are important processes in the collision
ergy range below 10 keV/amu, which may influence the
drogen ionization cross sections. Hence we compared
results with various calculations and experiments, namely
the excitation and capture into 2s and 2p levels of atomic
hydrogen in Fig. 11. Our results are in a good agreem
with the measured data@33,34# for collision energies be-
tween 1 and 7 keV/amu for target excitation or capture
projectile. Yet, at higher energies, our calculated 2p excita-
tion cross section increases more quickly than the meas
values of Barnett@33# ~cf. Fig. 11!. The agreement with the

FIG. 11. Cross-section comparison~H-p system! for ~a! excita-
tion to 2s and 2p levels and~b! capture into 2s and 2p levels of
atomic hydrogen in collisions with slow protons. Solid squares w
error bars show measured values of Barnett@33#; solid circles with
error bars show measured values of Morganet al. @34#; dotted lines
show the triple-center close-coupling calculations of Mclaugh
et al. @16#; open triangles show the double-center close-coup
calculations of Toshima@9#; open circles show molecular orbita
close-coupling calculations of Kimura and Thorson@23#; and solid
diamonds show present calculations with basis setC.
04270
n-
-
ur
r

nt

o

ed

double-center close-coupling calculations of Toshima@9# is
better than 20% in all cases. A very good agreement
electron capture to the projectile is found in case of the p
vious calculations by Kimura and Thorson@23#: for instance
the cross section at 5 keV in Ref.@23# agrees with our resul
within 5% for 2s charge transfer, and within 6% for 2p
charge transfer. These are the upper bounds for all eje
electron energies; e.g., the 6% difference for 2p charge
transfer corresponds to the ejected electron energye
50.01 Ry, and it decreases to only 1–2 % difference ae
51.0 Ry.

The transitions between discrete states, which occu
large values ofR in fact do cause a slower convergence
the capture/excitation cross sections. This particular c
however, does not influence our ionization cross sectio
because the ETF-corrected couplings to the ionization c
tinuum practically vanish at large values ofR.

2. Ionization cross sections

The total ionization cross sections computed with the
sis setsA, B, andC are shown in Fig. 12:g components in
the upper panel, andu components in the lower panel. Th
corresponding ratios of TICS’s with different basis set a

g

FIG. 12. Total ionization cross sections inp-H collisions: dashed
lines show setA; solid scatters show setB; and solid lines show se
C. In the figure,g components are plotted in the upper panel anu
components in the lower panel.
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plotted in Fig. 13. From the two figures, it is clearly seen th
in case ofg components the upper levels incorporated
basis setC enhance the total ionization cross sections
approximately two times at the collision energies above
keV/amu. This means that the dominant mechanism for i
izing a 1ssg electron does not involve direct excitation by
single impulse, but a ‘‘ladder-climbing’’ process in which th
electron is gradually detached in a series of small impuls
and does not come out with large amounts of excess ene
However, the case ofu components is completely differen
TICS’s with basis setC are much smaller than those of bas
setA below 6 keV/amu atE52 keV/amu with the discrep
ancy up to factor of 2.5. In this case, the upper levels ar
trap instead of a steping stone. As stated in Sec. III A,
ionization is driven by short-range couplings and takes pl
only at small internuclear separations. The potential cur
of bound states, especially near the united atom limit, play
essential role in interpretation of ionization dynamics. 1ss
lies far below any other bound or continuum states, but
excitation to an upper lying state significantly reduces
energy distance to the continuum, and thus effectively
hances the interaction with the continuum states. Inu family,
the strongly coupled states 2ppu and 2psg are degenerated
in the united-atom limit, therefore excitation to 2ppu does
not reduce the potential much. The strong angular coup
^2ppuuH(ang)u2psu& introduces an important flux loss t

FIG. 13. Ratios of total ionization cross sections inp-H colli-
sions: dashed lines show setA over setC; solid lines show setB
over setC. In the figure,g components are plotted in the upp
panel andu components in the lower panel.
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2psu and decreases ionization probabilities,@see also Fig.
5#. Then the completely different roles of upper levels
ionization ofg andu electrons are determined by the pote
tial curves of bound states in H2

1 in the united-atom limit.
The difference between basis setsB andC is rather small, the
ratios of TICS’s differ from a unit not larger than a fe
percent.

Figure 14 shows the total ionization cross sections that
computed using the basis setC in comparison with the vari-
ous theoretical calculations and the available experime
data. Our cross sections are one time smaller than thos
the triple-center atomic-orbital close-coupling calculations
Ref. @6# above; they exhibit closer agreement at collisi
energies lower than 1.5 keV/amu. The hidden-crossing
culation includingS andT promotions and the radial decou
pling mechanism@19# is 30% higher than our results at 1
keV/amu. Their cross section decreases more slowly with
energy decreasing, and thus at 1 keV/amu the differe

FIG. 14. Total ionization cross sections of proton-hydrogen s
tem: solid circles show measured cross sections of Shahet al. @6#;
open squares show measured cross section of Pieksmaet al. @5#;
dash dotted lines show hidden-crossing theory withS and T and
radial decoupling promotion mechanisms@19#; dashed lines show
hidden-crossing theory with onlyS and T promotion mechanisms
@5#; dotted lines show close-coupling triple-center calculations@6#;
triangles show two-center close-coupling calculations@9#; short
dash dotted lines show two-center atomic-orbitals-plus-pseudos
expansion@17#; and solid lines show present ETF’s modified m
lecular basis expansion calculations with basis setC.
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from our calculations is as high as a factor of 6. Yet, o
values are in better agreement with the hidden-cross
method including onlyS andT promotions@5#, with the dis-
crepancies better than 30% as usual. This holds excep
the collision energy below 2 keV/amu, where the hidde
crossing calculations decrease faster, and the cross sec
of Ref. @5# are by a factor of 2 smaller than the prese
results at 1 keV/amu. Our calculations agree well with
two-center close-coupling calculation of Toshima@9# in the
range 4–10 keV/amu, but Toshima’s values become sma
than us and dropped much faster below 4 keV/amu. T
present results are also compared with the measuremen
Pieksmaet al. @5# and Shahet al. @6#. Our values come a
25% below the measured cross sections of Ref.@5# at 6 keV/
amu, and decrease much more rapidly with the decrea
collision energy, the discrepancies up to a factor of 6 at lo
est considered collision energy 1 keV/amu. However,
results are in an excellent agreement with the recent exp
mental data of Shahet al. @6#, since they lie within the ex-
perimental error bars in the entire energy range conside
Such an agreement should be expected when the impo
direct and indirect ionization mechanisms are all includ
boundary conditions treated properly, and the numerical
curacy of all calculations sufficiently maintained.

The total ionization cross section inp-H system was al-
ready plotted in Fig. 1 for a broader energy range 0.1–1
keV/amu, in which various calculations are compar
TICS’s from Toshima@9# are 20% higher than the exper
mental values@7,8# aroundE5100 keV/amu, and they are i
a good agreement at the high-energy region. The triple-ce
close-coupling calculations@6,16# predicted the cross sec
tions at low-to-intermediate energies to be larger than
measurement data@6,8# up to a factor of 2, and they decrea
much faster at collision energies above 50 keV/amu. T
are also found to oscillate with collision energies. The co
tinuum distorted-wave eikonal initial-state~CDW-EIS!, ap-
proximation, is a high-energy theory by Crothers and M
Cann @35#, who obtained their cross sections in a go
agreement with the measurements by Shah and co-wor
@7,8# for energies above 25 keV/amu. All the above theor
predicted TICS’s decreasing much more rapidly than our
sults and the experimental data@6# below 1.5 keV/amu.

The accurate total ionization cross sections by the E
modified close-coupling expansion in Fig. 14 is not the o
principal result of our paper. In Fig. 15, we plot the sing
differential cross sections as a function of ejected elect
energiese and collision energiesE. The cross sections ofg
andu components are shown in the upper and lower pan
respectively. The ionization cross section decreases rap
with the increasing final electron energy and decreasing
lision energy. The ionization is significant only when col
sion energiesE is above 3 keV/amu forg components and 1
keV/amu for u components. At a collision energyE
510 keV/amu, the differential cross sections ofe
50.01 Ry is about two orders of magnitude greater than
of e51.0 Ry. The differential cross sectionds/de of u com-
ponents is about one order of magnitude greater than tha
g components at their maxima. We have projected the dif
ential cross sectionsds/de on the bottom plane in this fig
04270
r
g

for
-
ons
t
e

er
e
of

ng
-
r
ri-

d.
nt
,
c-

0
.

ter

e

y
-

-

rs
s
-

-
y
-
n

ls,
ly
l-

at

of
r-

ure. There is a region in the two projections where for
constantds/de, the ratio ofe/E is a constant. It shows tha
a small amount of electrons gain energies from incident p
tons in a single impulse, and comes out with large exc
energy. Such a process is analogous to electron captu
continuum, in which the projectile transfers a part of its k
netic energy to the target in a constant rate and results
electron withve;Vp .

Figure 16 shows the distribution of partial ionization cro
sections as a function of collision energy. The energy
ejected electron is taken ase50.01 Ry. This figure repre-
sents our previous statement that the ionization cross
tions are significant only for two or three channels either
g components or foru components. In case ofg components,
ss, ds, and dp are the important channels below 4 keV

FIG. 15. Single-differential ionization cross sections of proto
hydrogen system: theg andu components are shown in the upp
and lower panels, respectively. Numerical values are obtained
present ETF-modified molecular close-coupling calculations w
basis setC.
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amu, but the partial ionization cross sections ofss channels
increase much more rapidly than the other two, and exc
them by order of magnitude atE510 keV/amu. The chan
nelsps, pp, and f p are important in the case ofu compo-
nents, and the partial ionization cross sections ofpp andps
are almost the same at the highest energy considered i.e
keV/amu.

IV. CONCLUSION

In this paper, we have provided accurate sing
differential and total ionization cross sections on proto

FIG. 16. Partial ionization cross sections as a function of
collision energyE for the ejected electron energye50.01 Ry. Up-
per panel:g components, lower panel:u components.
e
o
-
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hydrogen collision system at 0.1–10 keV/amu. We use
close-coupling expansion with ETF’s modified H2

1 molecular
states. It is the first calculation using this method for t
ionization problem, based on the direct evaluation of all co
plings between the bound and continuum states. Our res
are in an excellent agreement with the recent experiment
Shahet al. @6#, but differ from the other measurements b
Pieksmaet al. @5#.

From a methodological point of view, we show that th
appropriate ETF’s not only exactly cancel the spurio
asymptotic behavior of nonadiabatic couplings, but also s
tematically reduce the size and effective range of most c
pling matrix elements. With the ETF-corrected molecular b
sis, the accurate ionization cross sections can be obtaine
a calculation in a small region of configuration space a
coordinate space. For H2

1 system in the range 0.1–10 keV
amu, a good convergence has been achieved with a b
including 10 bound states and 11 continuum partial wave

In addition, we find that the upper levels play a com
pletely different role ing and u components. In case ofg
components, an excitation sequence via upper levels is
dominant mechanism for the ionization, which enhances
total ionization cross sections~as compared to the direct ion
ization process! by more than two times at the collision en
ergy E510 keV/amu. In case ofu components, the excita
tion to upper levels reduces the total ionization cross sec
significantly, especially the excitation to 2ppu molecular
state. Since the total ionization cross section is mainly
cided by u components, we conclude here that the up
levels are a ‘‘trap’’ on the way of electron going to ionizatio
continuum, in contrast the general recognized ‘‘ladder.’’ U
ing the ETF-modified MOCC method, we have a tool
examine the role of each molecular state in the ionizat
process in a systematic way. The present method is rea
applicable to further physical systems of interest, such
He11/H, p/He1, or p/Li.
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