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Impact-velocity dependence of ejected-electron distributions for ionization
in proton-hydrogen collisions
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Ab initio calculations of ejected-electron momentum distributions are presented for proton on hydrogen
collisions at impact energies ranging from 5 to 100 keV and an impact parameter of 1.2 a.u. At low energies
the transverse momentum distributions show a double-peak structure similar to what is predicted by a two-state
Sturmian theoryfMacek and Ovchinnikov, Phys. Rev. Le®0, 2298 (1998]. In contrast to that theory,
however, we do not find the rapid oscillations in the transverse momentum distribution for impact energies
between 5 and 15 keV. At higher collision energies the double-peak transverse momentum distribution coa-
lesces into a single peak. For the energy range considered, the longitudinal momentum distribution shows a
broad peak at half the projectile velocity except at the higher energies where the distribution moves toward the
target nucleus.S1050-294®9)08807-1

PACS numbd(s): 34.10+x

[. INTRODUCTION two peaks alternates rapidly with respect to the collision en-
ergies from 5 to 15 keV. Subsequently, more experiments
In recent years much attention has been given to estathave been done on ionization of a He or Ne target with
lishing the angular and energy distributions of the ejectedlifferent projectiles[19-21, and the ejected-electron mo-
electrons in ion-atom collisions in an attempt to understandnentum distributions appear to depend strongly on the sys-
the detailed mechanisms of the ionization process. One coriem studied.
troversial point has been the role of saddle-point electrons According to the molecular promotion model for ion-
[1] which attain escape energy by riding the saddle located &tom collisions, excitation and ionization at low energies oc-
the center of charge. Early experiments, which measured tHeur via a series of avoided crossings where the electron is
energy distributions of the electrons for proton collisionsPromoted to higher molecular potential curves. The observa-
with helium atoms in the energy range of tens to hundreds ofion of double-peak structure in the transverse electron mo-
keV, drew conflicting conclusionf2—11]. The controversy mentum distribution implies that molecular orbitals are
regarding the saddle-point electrons involved ion-atom colliPopulated in the ionization process. By extending the Born-
sions where the projectile velocity was above the “match-Oppenheimer approximation through analytic continuation to
ing” velocity, the average speed of the target’s valence electhe complex values of the internuclear distance, the “hidden
tron. Early quantum mechanical calculatidri®] and later ~ crossing” theory recasts the mechanism of excitation and
ones[13—15 based on the triple-centered close-coupling apionization at low energies via a series of branch points con-
proximation revealed the importance of describing the elechecting the potential surfaces. The hidden crossing theory
tron probability near the saddle point in the calculation ofidentifies twoT series, thél oo and Ty, where the electron is
total ionization cross sections for ion-atom collisions involv- promoted to the continuum near the saddle point of ghe
ing projectiles moving below the matching velocity. Hidden +H system. In a further extension, the Sturmian theory was
crossing theory16] also predicts that saddle-point electrons developed with the aim of providing a full description of the
comprise a large fraction of the total ionization cross sectionionization process, including the prediction of the momen-
However, none of these theories provide a quantitative detum distribution of the ejected electron. Applying Sturmian
scription of the complete velocity distribution of ejected theory top+H collisions, theTy, promotion of the o and
electrons. The first experiment, which measured the energine Ty, promotion of the P states were carried o[22,23.
distribution of ejected electrons for proton-hydrogen colli- The electron momentum distribution obtained from thg
sions, was performed by Pieksmeaal. [17]. It too left the  promotion gives a single peak centered on the potential
ionization mechanism in ion-atom collisions to debate. It toosaddle andl'y; promotion predicts the double-peak structure
did not resolve the role of saddle-point electrons in the iondin the transverse direction, as one expects frenorbitals.
ization mechanism unambiguously. To obtain the complete distribution of ionization near the
In recent years, the novel technique of cold target recoilsaddle point, it was assumed that thg, and Ty, are the
ion momentum spectroscopfCOLTRIMS) allows experi- main contributors of saddle-point electrons. The phase be-
mentalists to map out the full momentum distributions of thetween the two paths to ionization was calculated by Macek
ejected electrons. COLTRIMS experiments obtain essenand Ovchinnikoy24], showing a strong dependence on pro-
tially complete quantum mechanical information for ioniza- jectile velocity, and thus the two peaks in the transverse mo-
tion processes, providing a stringent test for theory. For promentum distribution exhibit rapid oscillations with collision
tons colliding with helium atoms in the 5-15 keV region, energy. The rapid oscillation turns out to be identical to the
data from Doner et al. [18] show momentum distributions oscillations seen by Draer et al. [18] for proton on helium
of the electron split into two jets pointing on either side of collisions at the same energies. This agreement is probably
the projectile velocity in the collision plane. The size of the better attributed as coincidental, since there is no reason to
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believe that the two systems should have identical momenwvave function is found. We discuss how bound-state and
tum distributions for the ejected electrons at the same collitfonization amplitudes are derived from the wave function.
sion energies. Indeed, experimental results for other collisiofrinally, we discuss the calculational parameters necessary to
systems such as Heon He, H&" on He, and H& on Ne  solve Eq.(1) for protons on hydrogen with impact energy
[19-21 all show distinct momentum distributions. One ranging from 5 to 100 keV at an impact parameter of 1.2 a.u.
would thus expect that mechanisms for ionization at low
energies, like charge transfer or excitation processes, would A. Wave-function propagation
depend on specific systems. In the meanwhile, the range of . ) L
the validity of the two-state Sturmian theory is not clearly '€ electron wave function in the ion-atom collision is
established. Thus it is desirable to compute the ejected€Presented by a two-center expansion in momentum space:
electron distribution in proton on hydrogen collisions using . ~ .
an ab initio approach. <I>(p,t)=|2 Tim(P Y m(P)

To calculate the ejected-electron distribution in ion-atom o
collisions a complete representation of the continuum elec-

—ilp-R— 2 ~ ~
tron in the field of two moving Coulomb centers is neces- +e [P Ro(Wap tll% Prm(a,0) Y m(ad),
sary. To describe the electronic wave function within a finite '
basis, we choose to expand it in the momentum space since (‘4‘: 5_5 2)

the range of the momentum is confined in a collision. In a

previous article[25] we have developed the two-center where the spherical harmoni ., is defined with respect to
momentum-space discretizatidiCMSD) method to effi-  each center in the momentum-space expansion and the phase
ciently calculate the momentum-space electron wave funcractor in front of the second sum on the right is the plane-
tion. Other work in solving the time-dependent Salinger  \vave electron translation factor in the momentum space. We
equation for ion-atom collisions has been performed by dihave carried out a partial wave expansion on each center and
rect _solutl_on on a lattice in momentum spa[%]. and in the radial functionsT, .(p,t) and®, .(q,t), are in turn ex-
configuration spacg27-29. These large-scale grid calcula- 40 ing splines: ’ '

tions execute on supercomputers, since they do not take aB- '

vantage of the basic two-center nature of the ion-atom colli- ~ N-1 ~

sion and these calculations do not explore the momentum T m(p,t)= E c!m(t)Bi(p)Jrc',j“/p“'. 3)
distributions of the ejected electron. In this article we briefly =1

discuss TCMSD focusing on recent improvements which aI_Note that the high momentum part in the second term is
low calculations for a wide range of projectile energies, ex- g P

tending from 5 to 100 keV and at an impact parameter of 1. rhoepo:29:;:Iéoretg;Ia:‘z)r/]?t?;cr)gch;ovremafcs)irn:aighega;téasliowai\r/]e'
a.u., where the contribution to ionization is maximal. A de- Proj P q

. . - m
tailed analysis of the positive energy component of the tota\"”th the spline coefficients Iabeleﬂ - The present calcula-

electron wave function is presented. Ejected-electron distrii®? iS @n improvement over Reji25] in that fourth-ordeiB
plines replace the previous second-oreplines, and the

butions in momentum space are shown as a function of pro% ine k _ b od hh ic indi
jectile velocity. -spline knot points can be varied for each harmonic indi-

vidually, allowing more detailed representation of the har-
monics that are expected to be important.
Il. THE THEORETICAL FRAMEWORK Substituting Eq(2) into Eqg. (1) gives a set of first-order

The proton on hydrogen collision system is viewed in thecoupled egyatior:i for the elﬁpansion coefficients in By
standard semiclassical framework, where the internucleafhe coefficientsc;"(t) andd;"(t) are arrived at through a
motion is classical and the electron is treated fully quantunfourth-order fixed step-size Runge-Kutta integration. The

mechanically. Moreover, we assume rectilinear motion fortime derivative of theB-spline coefficients at each integra-
the projectile center with constant velocﬁyand impact pa- tion step results from a least squares fitHg at a set of

- ) oL . . points which typically outnumber the basis functions by a
rameterb. The time-dependent Schhmger equgﬂon, WILeN ¢4 ctor of 4. The fit is performed in configuration space after
in the target frame, for an electron in the field of the two

inverse Fourier transformation of the basis functions,

rotons is ~ N i ~ R -

P ; L1 Bi(p)Yi.m(P) and ed*'”"R’(l’;)”zf]Bil(q)lY|,m(qJ. g’he gmr;]g

. R - > - points are arranged as a spherical polar grid about both target
Iﬁlﬂ(r’t)_ EV ﬁ |F_ §| $(r,t), R=vt+b. and projectile protons. The linear system solved is shown

(1) schematically:

_ _ [(AT) o sAs]xk= (AT 3b; . (4)
The coordinate system is the natural frame, where the pro-
jectile veIocityJ is along thex axis, the impact parameter is Products with like indices imply summatioK. andK' are
along they axis, and thez axis is perpendicular to the colli- indices running through all basis functions, ahid an index
sion plane. Atomic units are used throughout. The details onunning through all the fitting points. The matwxis a rect-
the two-center momentum-space descretization method, emangular matrix of all basis functions evaluated at all fitting
ployed to solve Eq(l), are presented in Refi25]. Here, we  points. The least squares method prescribes multiplying
restate the form of the electronic momentum-space wavéhrough byA', providing a square linear system. The vector
function, and give a brief account of how the time-dependenky represents the time derivative of the coefficients, and the
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vector b; represents—iH ¢ evaluated at the fitting points. present work over Ref.25] was to allowp,,,y, the radial
The x? of the fit reveals the error of the time derivative of momentum where the asymptotic form takes over from the
the electron probability density. Oneg is found this infor-  B- spline representation, to vary with the angular momentum
mation is fed into the Runge-Kutta integration, which is quantum numbef. One expects larger momentum to be im-
checked for accuracy by the wave function normalizationportant for lowerl, since low| partial waves extend to

and by reducing the integration step size. smallerr in configuration space, where the kinetic energy is
larger. Three partial waves are taken about each proton with
B. Wave function analysis ',:;3(24.0 a.u.,p',TTei(ZZ.S a.u., andJ',TT,i:Z.S a.u. Since the

The numerical wave function, having passed the numeriguantization axis is chosen to be perpendicular to the colli-
cal checks, is analyzed to extract the bound-state amplituderﬁ_"On plane, the odd-parity states are never populated due o

We neglect overlaps between the two centers and perfor mgn?(\:lsréff;%ﬁ;g‘;;?&i;?;% ;I;h:f] dSIi); ;ﬂzier:ggl Ttar-
bound-state projection individually on the target and prOJec-vvaS found empirically that a radial grid with spacing 0.05

tile centers: ;
a.u. was necessary to propagate the electron wave function to
TP o | =5 2 vt=40 a.u. past the point of closest approach. The current
a t)y=| F T(P ,Hpsdp. 5 : ) . ;
nim (1) fo n(PT(P)in(pHip"dp ® program allows for nonuniform grid spacing; however, this

flexibility does not aid in representing the radial functions
Here F,, is the hydrogenic radial function in momentum with fewer B splines. A uniform grid supplied the “best”
space. The amplitudes () (t) will, in general, oscillate as a calculations; a point we return to in the discussion.
function of time due to the omission of any overlap integrals, All calculations were started with the projectile at=
but they will eventually reach the asymptotically correct —20 a.u. The end point of the calculation depended on the
value as the overlap between the target and projectile centeitsipact energy. For the 5 keV collision integration ¢t
must go to zero for bound states. As with other methods=25 a.u. was stable with present calculational parameters,
which integrate the Schdinger equation for the total wave while the 25 keV collision could be integrated tot
function (see, for example, Ref27]), ionization is calcu- =40 a.u. The reason for this is discussed in the next section.
lated by subtracting away the bound component: These distances are by no means large enough to establish
o the asymptotic electron wave function; however, as will be
TPz p,t)=T(P)m(p,t) — > alP)(t)Fo(p). (6)  seen, the main features of the collision are determined early
n on.

The positive energy component of the wave function,
®oni(P,1), is constructed by substituting tHE(P)I%" in _ _ o
place of T(P),, in Eq. (2), and the individual target and ~ From the solution of the time-dependent Sclinger

projectile positive energy components are referred to a€guation we first discuss interesting. features of the total
&7 . and (I)iiniZi respectively. The validity of this subtrac- wave function and then go on to describe the component that

tiol(r)1m§elies on an accurate calculation of the total wave func/€Présents iOY“Z"?‘“OU in order to extract the collision p'?‘”e
tion and the assumption tha™®(t) have reached the momentum dlstrlbutlgn of the ejected—eleptrons._The time
asymptotic values. Since the time-dependent wave functioﬂepenOlence of the _ejected electron CIO.Ud is studied at large
is not a stationary state, there is no reaaquriori to expect m_ter_nuc_lear separations in order to estimate the momentum
- . . ) distribution of the ejected-electron as the two nuclei reach
Pion(p,1) to become time independent for large internu-jgnite internuclear separation. Finally, the behavior of the

clear separation. T_hus It Is not |mmed|gtely clear how ON&lectron momentum distribution versus projectile impact en-
extracts the experimentally observed ejected-electron speg;

: . . rgy is examined.
tra. We will return to this point later.

Ill. RESULTS AND DISCUSSION

C. Parameters of the TCMSD calculation A. The total wave function

Before presenting the TCMSD results we discuss the ac- Figure 1 shows a slice of the electron wave function am-
tual parameters used in the calculation. Selection of th@litude on the collision plane att=19.2 a.u. in both(a)
proper radial grid on which th8 splines are defined and a momentum space arid) configuration space, for a projectile
suitable number of harmonics about each proton is criticalvith velocity of 1.0 a.u. and impact parameter of 1.2 a.u. To
for a valid calculation. In addition, an appropriate set of fit- bring out weaker features of the wave function we plot the
ting points must be chosen, avoiding linear dependence difamplitude instead of the probability density. In Figb)the
ficulties within the basis set. Although the basis set can beonfiguration space wave function is concentrated on the two
predetermined, to some extent, by physical reasoning, thementers, reflecting that elastic scattering and electron capture
was some experimentation involved in finding the optimumto the 1s state are the main features of the collision. The
choice. The same basis set was used for all impact energiésnization component is a large part of the amplitude far
in this work. away from both nuclear centers, spreading out further as the

Since the two-center nature of the ion-atom collision isprojectile recedes. On the other hand, in momentum space
taken into account already by the expansion about eacthe distribution of the whole wave function remains well
nucleus, much of the numerical effort goes toward solvingocalized, but as can be seen in Figa)lconspicuous inter-
for the radial functions. An important generalization of the ference fringes appear. The origin of the straight and nearly
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FIG. 1. (a) Contour plot of the amplitude of the total electron
wave function in momentum space for a proton on hydrogen colli-
sion, impact parameterb=1.2 a.u., projectile velocity v
=1.0 a.u.,, and internuclear separatiot—19.2 a.u. The cut is
taken for momenta lying in the collision plang@) Corresponding
contour plot of the electron wave function amplitude in configura- —
tion space.

P, (units of v)

vertical fringes is interference between electron distribution _,
about target and projectile centers. The number of fringes is ' 1 )
proportional to the physical separation between the two pro- P, (units of v)
%ggtso?sr(alsptcr)]r?sﬁ)?gefgrlir;];hgtrtgghflI;rii)é%irlmegfd;;]ﬁazhase FIG. 2. Time evolution _c_)f the po_sitiye energy c_omponent of the
o o . momentum-space probability density in the collision plane for 25-
been a@ntmpated, an_d it is included In the pla_ne-wave phasl?ev (v=1 a.u.) protons on hydrogen at impact paramdter
factor in the expansion Eq2). The circular fringes, how- —19 (a) Positive energy target densip™, |2, (b) Positiv
ever, are not built into the wave function ansatz explicitly; a.u.(@ Fostive € epgy 2a get dens Sb'°.”.'z : ostive
. ) : : 7 energy projectile density®;. .|°. (c) Total positive energy prob-
they appear in the numerical solution of the radial functions.” "~ , L v+
They force us to adopt a uniform and fine grid to represenility density |®iong*=|Pion; + exl —i(p-R—30°) [Pigng*. (d)
the momentum-space radial functions. Pro.baplllty de.r)sny from an |ncoherenTt superp%smon. of target and
A recent study by lllescas and Riefa0] explains the ~Projectile positive energy expansiofiy;|*+|Pioy;|*, integrated
origin of the circular fringes. Referend80] demonstrates _ove_r p,. The c_rosses |_nd|cate the position of both target and pro-
that the primary motion of ejected electrons in an ion-atonfectile protons in velocity space.
collision is a “free expansion” away from the collision cen- _ . ) o
ter and that the expansion can be accounted for by includin§i9- 20) we show the probability density of the ionization
the phase factor ekpr(2R)] in the expression of thotal ~ component on the collision plane about the target and the
electron wave function in configuration space. The samérojectile centers, respectively. The shape of the distribution
phase factor was introduced by Soloviev and VinitE&y] in about each center does not change muchtas increased.
developing ion-atom collision theory in scaled space. TheéOne clear feature is that the transverse momentum distribu-
explosion phase factor oscillates more rapidly with increastion associated with the target center points mostly in the
ing r, reflecting the fact that further components of the elec-—y direction and as the time increases, the distribution
tron density are moving faster much like a Hubble expanshrinks toward the target nucleus. On the projectile center,
sion. Transforming the explosion factor to momentum spacethe transverse momentum is more evenly distributed with
one obtains a convolution of the momentum-space waveespect to thety and—vy sides, and compression toward the
function with the phase factor ekpiRp%(2v)] [32]. The  projectile nucleus is also observed as the time is increased.
new explosion factor is similar to the configuration space The complete ionization probability density, which is ob-
roles of the internuclear separatiBrand the projectile speed fynctions from the two centers, is shown in Figc2 Due to

v. The effect of the explosion factor on the ejected-electrony_center interference the ionization probability density os-
component is different than the effect on the bound compog;j|ates rapidly with time(the time frames were chosen to

nent, because the ejected component is expanding in COQp the extrema of the oscillatiprinterestingly, the verti-
figuration space while the bound component is not. And in

) cal fringes, which are seen in the total wave function in
momentum space the ejected component and bound compQ- .
nents of the wave function overlap, resulting in the circularmomentum space, Fig.(d, are not seen when the bound_
interference fringe§32]. The fact that the lower energy cal- states on both centers are subtracted out. As stated earlier,
culations became unreliable at lower values of internuclea[’he mterfer_ence Of. bound states on bpth ngcle| is analogous
separatiorR is now clear. The projectile velocity enters in 0 a two-slit experiment, since in conflgu_ratlon space bound
the denominator of the momentum-space explosion factorc'tates are Iocah_zed about thel'r respgctl_ve _centgrs. EIec_tron
resulting in more rapid oscillations for the safmRe probgbmty Qensny, correspondlng.to lonization, 1s very d'.f'
fuse in configuration space. The ejected-electron distribution
forms a broad distribution encompassing both nuclei in con-
figuration space. Thus Fourier transformation to momentum
We focus next on the ionization channel fopa H col-  space of the ionization component is more analogous to the

lision withv=1 a.u. andb=1.2 a.u. First in Fig. @) and  single-slit experiment and one sees no rapid interference

B. Time evolution of ejected-electron distribution
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fringes in the component of momentum parallel to the inter- ﬁ
nuclear axis. o~

The time oscillation in Fig. @) is too fast to be seen
experimentally, thus we show the incoherent superpositiors |7 = 7
of the densities on the two centers. To a good approximatiors
this is equivalent to a time averaging over one cycle of the-*é
time oscillation. The distributions shown in Figid? are an &
incoherent sum of the positive energy component of the tar
get and projectile expansions. Moreover, the momentum
component perpendicular to the collision plape, is inte- —
grated over since this is also what is done in experiment, see
e.g.,[19]. The time evolution shown in Fig.(&) is more
gradual than what appears in FigcR As time increases one
notices a compression of the ejected-electron cloud in trans
verse momentum and stretching in longitudinal momentum.
This is a consequence of the long range Coulomb forces g, 3. Ejected-electron distributions projected onto the colli-
from the two receding protons. Since the calculation stops, iBjon plane for proton on hydrogen collisions at impact parameter
this case, avt=40 a.u.(recall thatp+H collisions at 25 b=1.2 a.u. for projectile energies ranging from 5 keV to 100 keV.
keV could be integrated to larger internuclear separation thaNext to each distribution is a plot showing only the transverse mo-
5 keV), there is some question as to what the effect of thenentum distribution after integrating out the longitudinal momen-
Coulomb interaction is for larger distances. For examplefum, and above each distribution is a plot showing only the longi-
does the peak move from negative to positive transverse mdudinal momentum distribution after integrating out the transverse
mentum? A classical model calculation of the peak in mo-momentum. All frames are fart=24.2 a.u(a) 5 keV; (b) 10 keV;
mentum space indicates that the electron flow remains df) 15 keV;(d) 25 keV; (e) 50 keV; () 100 keV.

negative transverse momentum,. Since the ejected- i f the elect h i ks at | ies f
electron distribution for the collision shown in Fig. 2 shows lon of he electron Shows two peaks at lower energies from

a single peak in both configuration space and momentunﬁ tq l‘? keV.kAt ht'ﬁhtﬁr enerl%ues the.two {)eaks (_:oalesce Into
space, one can assign their respective maxima to an initid SNY'e Peax, wi € peak occurring at negapye

position and momentum for a representative classical calcu- How do the present result; compare 1o existing experi-
lation. The results show that the ejected-electron momentu ental data and other theoretical calculations? There are no

remains in the negative direction, and this result is largely OLTRIMS measurements of electron momentum distribu-

independent of the starting position. Note this argument doe ons on the proton-hydrogen system so far. For protons col-

P ) . . ding with He in the 5-15 keV region, measurements by
not apply for distributions with multiple maxima. But exam- I} :
ining the ejected-electron distribution for other impact enerDormer et al. [18] indeed showed the two-peak structure

gies also shows only an overall transverse compression ar?dm'lar_rtr? Figs. Séa)—Sf[c)l,dhtiwe\r/]er, Wlth_done maipr dl|)ff(tar-
longitudinal spreading of the ionization pattern which is de-ENCE. The experimental dala show rapid osciiation between
the two peaks as the collision energy is varied from 5 to 15
p gy

termined early on. Typically, the basic pattern of ejected ! :
electrons is determined when the projectile is 10 to 12 a.ul.(ev’ while for our calcqlatpns on the proton—hydrogen Sys-
past closest approach. tem the two pggks maintain negrly the same relative height
without any visible oscillation in the same energy range.
Other energies between 5, 10, and 15 keV, not shown here,
were also checked. The experiment measures the ejected-
electron distribution for a range of projectile impact param-
In this subsection we present the electron momentum diseters, but Ref{18] shows that only the detailed shape of the
tribution for proton on hydrogen collisions at a fixed impact jet structure changes with impact parameter and the gross
parameterb=1.2 a.u. for energies ranging from 5 to 100 asymmetry features vary little with impact parameter. On the
keV. The results are shown in Fig. 3. To compare ionizatiorother hand, the two collision systems are not expected to
for different velocities, we choose a fixed point after thebehave similarly at low energies. For the symmetric proton-
collision: vt=24.2 a.u. On each frame, we show thehydrogen atom collision system, the united atopu22p =
ejected-electron momentum probability distribution pro-rotational coupling is essential for promotion of the electron
jected onto the collision plane, the transverse distribution byo the excited states as well as to the continuum. Our results
integrating ovemp,, and the longitudinal distribution by in- in Figs. 3a—3(c) reflect that the ejected electron retains
tegrating overp, . most of thisw character. For proton-helium collisions in the
There are two general features that deserve special mesame energy range, the radial coupling between the two low-
tion. (1) In the longitudinal direction, the electron momen- est o molecular states is essential for the promotion of the
tum tends to lie between 0 and the projectile velocity. In  electron to the excited states and thus to the continuum states
fact, the longitudinal momentum distributions all have peaksas well. In this energy region there is experimental evidence
nearv/2 except at the highest collision energy 100 keV[33] that thew and thes components of the electron are of
shown in Fig. &f), where the ejected electron is centerednearly equal importance since the integrated alignment pa-
near the target as expected for collisions much above themeterA,, for electron capture to H({® states changes
matching velocity.(2) The transverse momentum distribu- sign in the 5-15 keV region. We mention th&4, is a mea-

o ‘
© / (t)/

P, (units of v)

C. Dependence of ejected-electron distribution on collision
velocity
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verse momentum distribution, but there is no evidence of
oscillation along the trajectory. Our calculations show that
the basic shape of the ejected-electron distribution in mo-
mentum space is established early on.

It appears that there is another discrepancy in the direc-
tion of the transverse momentum when one looks at the bot-
tom of Fig. 1 in Ref.[24] and compares with the 15 keV
result of Fig. 3c). However, these results are not inconsis-
tent. The coordinatels, andkj in Ref.[24] refer to compo-
nents of the momentum parallel and perpendicular to the
internuclear axis. So the sign relative to the projectile impact
parameter is indeterminate, while in Fig. 3 the signpgf
1 0 1 tells whether the electron momentum is parallel or antiparal-

Py (units of v) lel to the projectile impact parameter vector.

Probability (arb. units)

FIG. 4. Time evolution of the ejected-electron transverse mo- IV. THE ROLE OF THE SADDLE-POINT MECHANISM

mentum distribution for a 10 key+ H collision at impact param- In the original triple-center close-coupling calculation of

eterb=1.2 a.u. The momentum components perpendicular 1o th¢yinier and Lin[12] it was found that there was significant
collision planep, and parallel to the incoming projectilg, have probability for ionization left at the midpoint of the internu-
been integrated over. The four curves represent the distribution . . . . .
different internuclear distancest=14.2, 19.2, 24.2, and 29.2 a.u. Clear line for proton collisions with ato”.“C hydroge.n in the
P y ’ " low energies(roughly below 15 keY. Winter and Lin ar-
seen from top to bottom along tipg=0 line. All curves have their . . . .
maximum value normalized to unity. _gue_zd, in analogy W|_th Fhe _Wanmer theory of electron impact
ionization[34], that ionization probability accumulates at the
sure of the relative magnitude between the atonpeo2and  potential saddle. This close-coupling calculation, however,
2p states and that the guantization axis used in the discusvas unable to provide any information about the ejected-
sion in this subsection refers to the internuclear axis. Thuglectron momentum distribution. Since the saddle is moving
we speculate that the rapid oscillation of the transverse ele@t velocityv/2 in the laboratory frame, it was speculated that
tron momentum distribution for the proton-helium system isobservation of enhancement of electrons at velogig/is a
not a general feature of ion-atom collisions at low energiesmanifestation of the saddle-point mechanism for ionization.
but is specific to this system. In fact, measurements by Abin the meanwhile early classical Monte Carlo trajectory cal-
dallah et al. [19,20 show that the momentum distributions culations[1] indicated that the doubly differential cross sec-
vary significantly for various singly charged projectiles inci- tions indeed show a discernible peak &2, and saddle-point
dent on He and Ne targets. Interestingly, for the symmetri@lectrons were taken to be synonymous wit electrons
He" on He system the momentum distribution behaves simifor symmetric systems.
larly to our prediction for the proton on hydrogen system in  In the last two decades there have been numerous experi-
that no rapid oscillation of the transverse momentum occurgents aiming at observing clear features of the ejected-
[21], even though the momentum distribution itself is asym-electron momentum near/2, or in general, the structure
metric to the opposite side of the+H case. near the velocity of the saddle point for a given collision
The only other theoretical approach which gives the mo-system. There are two issues. The first is whether there are
mentum distribution of the ejected electrons is the Sturmiardiscernible features for the electron momentum near the
two-state theory of Macek and Ovchinnikp®4]. They con-  saddle-point velocity, the second issue is whether a peak of
sidered the ionization vid promotion[23] which is essen- the ejected-electron distribution af2 can be attributed to
tially ionization by the saddle-point mechanism. By extract-the saddle-point mechanism, akin to Wannier theory.
ing the o and = amplitudes from hidden crossing theory At projectile velocities above the matching velocity ex-
[16], they derive a two-state model where the fast oscillatiorperimentalists do not agree on the first issue. While there are
of the transverse electron momentum is attributed to interfergroups presenting evidence of the existence ofuttZeelec-
ence from the coherent sum of the two amplitudes. In Reftrons [2—6], there are other groups disputing the evidence
[24] the theory of Macek and Ovchinnikov reported the rapid[7—11]. It was argued that the “evidence” of the peak struc-
oscillation for a proton-hydrogen system at the same projecture near the saddle point depends on how the doubly differ-
tile energies as the oscillation observed for the proton-heliunential cross sections are presented. Nevertheless, all these
system[18]. We do not see the oscillation in the 5—15 keV experiments were carried out at high velocities. Even if there
region, see Figs.(@—3(c). Instead, examining Figs(& and  are any features near the saddle-point velocity, they cannot
3(d), one sees a rapid shift in the transverse momentum dide attributed to the saddle-point mechanism for ionization
tribution, near the saddle velocity, in the 15-25 keV region.for such high projectile energies. This was demonstrated ex-
The time evolution of the asymmetry in the transverseperimentally by Abdallatet al. [35], where they performed
momentum distribution of ejected electrons is checked to semn-atom collisions with He and Ne target atoms at a fixed
if the asymmetry, seen fdR=24.2, can be expected to per- projectile velocity ofv =1.63 a.u. varying only the projec-
sist. To investigate this we have shown in Fig. 4 four timetile charge state. Indeed, the distributions for the proton im-
steps, vt=14.2,19.2,24.2, and 29.2 a.u., of the ejectedpact show a peak at/2, the saddle point, but increasing the
electron transverse momentum for the 10 keV collision. Oneorojectile charge state causes the ejected-electron distribution
can see sharpening of the double jet structure of the trange move toward the projectile center in velocity space. The
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zg 10 keV p+H collision at an internuclear separation &
55,5] @ A\/\ =19.2 a.u. Along with the transverse distribution, the bind-
28 / \_ ing potential at the saddle is plotted with the energy of the
& 30068 adiabatic transverse modes indicated by horizontal lines. The
' o oo asymmetricrr structure anticipated in Reff24] appears, but
~ -0.05 - from the extent of the transverse probability distribution it is
ut clear that the ejected-electron distribution is a coherent exci-
S 0104 tation of manytransverse modes centering on the fifth state.
E 045 () The fact that the simpler structure appears reflects the im-
% ’ portance of rotational coupling from the initial state and
O .0.20 the fact that ther structure survives, despite the many trans-
—_—t——— verse modes that comprise it, results from the rapidity of the
-50 -40 -30 -20 -10 0 10 20 30 40 50 collision. Since excitation to higher transverse modes, where
Y (a.u) the binding is weaker than the harmonic oscillator potential,

is important, it is understandable that no oscillation of the

_FIG. 5. (3 A transverse slice through the saddle point of they 06 momentum distribution is seen in Fig. 4.
ejected-electron distribution in configuration space. The probability

density of the electron comes from a 10-keV collision at impact V. CONCLUSION
parameter b=1.2 a.u. and internuclear separation aft
=19.2 a.u.(b) The potential in the collision plane aloryggoing The two-center momentum-space discretization method is

through the saddle. The horizontal lines represent eigenenergies pfimarily a numerical method for solving the time-dependent
the transverse potential, assuming a stationary potential and no m&chralinger equation. It does, however, allow for inclusion
tion in the x and z directions. The vertical dotted lines represent of basic physical aspects which increase understanding of the
estimated turning points based on the shape of the transverse profystem and reduce the computational effort. Calculating in
ability distribution. momentum space allows the containment of both bound and
free components of the wave function in a finite volume. For

saddle-point velocity moves instead toward the target centefhe proton-hydrogen collision system the two-center nature
From the triple-center close-coupling calculations fioFH  of the problem introduces oscillatory structure in momentum
[12] it was concluded that ionization probabilities at the space and in time. We account for both effects with a two-
saddle point become negligible for collisions above 15 keVeenter expansion and a plane-wave factor. Taking into ac-
yet the longitudinal momentum in the 25-50 keV region,count the gross physical features of the ion-atom collision
Figs. 3c) and 3d) still show a peak av/2. This is clear gallows for accurate integration of the Sctioger equation,
evidence that it is not always correct to associate electropevealing detailed information on weak processes such as
emission atv/2 (or the saddle-point velocitywith the  jgnization.
saddle-point mechanism for ionization. We have shown the ejected-electron distributions gor

To our knowledge the only experiment for proton on hy- 1 H collisions with projectile energies ranging from 5 to 100
drogen collisions that tests the saddle-point mechanism is thga\/ and impact parametér=1.2 a.u. At the low velocity
experiment of Pieksmet al.[17]. They searched for features e find the forked distribution seen in experim¢ns8—20
nearv/2, but, as we stated earlier, this feature is not suffi-gnd shown in theory22—24. The ejected-electron distribu-
cient proof of the saddle-point mechanism. With theory bytion shows little dependence on projectile velocity until the
Pieksma and Ovchinnikoy16], Ovchinnikov and Macek projectile energy passes 15 keV, where the forked structure
[22], Macek and Ovchinnikoy24], and COLTRIMS experi-  fades, replaced by a single peak at negative transverse mo-
ments by Doneret al.[18] and Abdallahet al.[19] the pic-  mentum(antiparallel with the impact parameter vegtddur
ture of the saddle-point mechanism is more well defined. Incziculation shows that electron density entering the saddle
the hidden crossings picture the saddle-point mechanism iggion populates many transverse modes coherently. The co-
represented by a series of branch points labeled tseries.  herence maintains the simpte structure, and the spectrum
In fact, if the saddle-point mechanism is to play an importaniof states involved gives a gradual dependence of the ejected-
role, it is desirable to examine the transverse momentungjectron cloud for projectile energies from 5 to 15 keV. The
distribution. Since the electron can reach quasistability neagyct that many states on the potential saddle are populated
the saddle only if its motion is perpendicular to the internu-ang that the basic shape of the ejected-electron cloud is es-
clear line, a manifestation of the saddle-point mechanism igzplished at small internuclear separatR# 10 a.u. is con-
that the transverse probability distribution should show strucszistent with the experimental finding that the particular shape

ture. Since the complete wave function is available with thesf the ejected-electron distribution is system depenfiEi
present calculation, we can examine the ionization compoy(),

nent in configuration space and compare the extent of the

_eJected—eIe_:ctr_on distribution in th_edlrecnon with the bind- _ ACKNOWLEDGMENTS
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