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lonization of atomic hydrogen by antiproton impact: A direct solution of the time-dependent
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We present a theoretical study on the ionizatibradd atom by antiproton impact in a wide energy range
(from 0.1 to 1000 keV. Taking a semiclassical approximation, in which the relative motion of the antiproton
with respect to the atomic nucleus is described by classical mechanics, the time evolution of the electron
motion is described by quantum mechanics. The time evolution of the electronic wave function is propagated
by the split-operator method with a generalized pseudospectral method in the energy representation. Particular
attention is paid to the numerical accuracy and numerical convergence. The maximum numerical uncertainty is
estimated to be less than 3% at the lower-energy side by comparison of the ionization cross sections calculated
with three schemes. The trajectory effect is also studied by comparison with the ionization cross sections
calculated with a straight-line trajectory and a curved trajectory. The calculated ionization cross sections of H
atoms by antiproton impact are compared with other calculations. Our calculated results are in good agreement
with the experimental measurement.
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I. INTRODUCTION target stationary wave function by the projectile. Both meth-

o ods cannot be used to study the ionization process i pl
The ionization of a hydrogen atom by antiprotqm) (im- collisions over a wide energy range. Especially in the lower-
pact is one of the simplest and most fundamental processenergy region, the Born and DW methods are no longer
in atom-ion collision physics. Different from H- proton  valid. The ionization of H atoms by an antiproton was cal-
collisions, the charge-transfer channel is totally eliminated irculated by the classical trajectory Monte CaflGTMC)
H + p collisions, which makes the theoretical investigationmethod[3,4,7. The CTMC method treats the problem in the
easier. There are many theoretical woilis-15] on this ~Same way as the experimental measurement does within the
simple subject. In the high-energy region, most of the calculimit of purely classical mechanics. The CTMC method gave
lations agree with the experimental res(it§]. The discrep-  plausibly good results in spite of its weak point. The validity
ancies among the theoretical calculations appear in thef the CTMC method for the atomic scattering problem has
medium- to lower-energy regiorE 100 keV). The existing  never been proven since the H atom is a quantum system.
experimental dat@l6] are smaller than most of the calcula- There are also several semiclassical methods to study the
tions in the energy region from 30 to 100 keV. Meanwhile,ionization of H atom by antiproton impact. In the semiclas-
the experimental error bar is so large in this energy regiosical method, the electronic motion is described by quantum
that the experimental data cannot be used to judge whichhechanics, and the relative motion between the proton and
calculation is more reliable. Furthermore, experimental reantiproton is described by classical mechanics. Such a
search using slow antiprotons was prepared under the projegiethod can also be called an impact parameter method. Re-
of ASACUSA[17] at the Antiproton Decelerator in CERN. cently, there were many close-couplif§C) calculations
This group will measure the atomic collision process usinge 8,11-13 based on the impact parameter method. With
keV antiproton beams. The experimental data for the ionizagdvances in computational technology, recently there were
tion process ba H atom by low-energyp impact will be  several studie$7,10,14,15 that directly solved the time-
available in the near future. Apart from the experimental dedependent Schdinger equationTDSE) for the electronic
velopment, the trajectory effect in the lower collision energymotion. In TDSE calculations, although the physical picture
region is not well studied in the impact-parameter methodis very intuitive, the numerical accuracy and numerical con-
All these factors call for a further theoretical study. vergence are a large challenge, especially in the lower-
The ionization ® a H atom by antiproton impact in the energy regiorbelow 1 ke\j.
high-energy region can be studied by the Born approxima- In our previous papergl8,19, we studied the excitation
tion [1], which only depends on the target stationary waveand charge-transfer processes of proton impact on H atoms
function. In the intermediate-energy region, the Born ap-and He€ ions by directly solving the time-dependent Schro
proximation should be modified by using the distorted-wavedinger equation with the split-operator method and a gener-
(DW) method[5], which includes the deformation of the alized pseudospectral method in the energy representation
based on the impact-parameter method. Our results are in
good agreement with experiments. Since our method can de-
*Email address: tong@hci.jst.go.jp scribe the charge-transfer and impact excitation well, we will
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study the ionization process in the-Hp collisions in a wide vz 1

energy regior(from 0.1 to 1000 keV by this method. Since Ho= 2 (@)
the formation of protoniums becomes signific4f120,21

only at a collision energy lower than the ionization energy -

(13.6 eV} of H atoms, we will not consider the formation of V()= 5— Ro1|" (8)
protoniums in the energy region we study in the present pa-

per. In the calculations, the highly excited states-(L0) are  To propagate the wave function in E@), we use spherical
not well described. The numerical uncertainty due to thecoordinates, and the radial part is discretized by the general-
highly excited states is estimated to be less than 3% on thiged pseudospectral grid methi®B]. The first step is to map
lower-energy side. The estimation is based on the ionizatiofhe semi-infinite domairf0,%] or [0, may iNto the finite
cross sections calculated with three schemes, which can givgomain [—1,1] using a nonlinear mapping=r(x), fol-

the upper limit and roughly the lower limit of the ionization |owed by the Legendre pseudospectral discretization. A suit-

cross sections. Note that we cannot directly study the formagple algebraic mapping for atomic structure calculations is
tion of protoniums with our present method. The formationprovided by the form

for the protoniums should be studied in a fully quantum-

mechanical way. In the following, we will give a brief intro- 1+X

duction of our theoretical method in Sec. Il, present the de- r=r(x=L 1-xta' ©

tails about the calculation and convergence check in Sec. Ill,

and present our results and discussion in Sec. IV. where L and a=2XL/r ., are mapping parameters. The
introduction of nonlinear mapping usually leads to either an

Il. THEORETICAL METHOD asymmetric or a generalized eigenvalue problem. Such un-
desirable features may be removed by the use of a symme-
The ionization of a H atom by antiproton impact can betrization procedurg¢23]. Thus, by defining
studied by solving the following time-dependent Salinger

equation with a classic trajectory for the nucleus motion, D1 (1) =~r"(x) x,(r(x)), (10)
(atomic units withh =m=e=1 are used throughout unless ) o
explicitly stated otherwige one finds the transformed Hamiltonian possesses the follow-
ing symmetrized form:
J
i—(r,t) =H(t) ¥(r,t), 1 1 1 d* 1
YO =HOY(r.Y (1) |(X)————— V(). 11
21 (x) dx® r'(x)
with )
whereV,=[I(I+1)/2r?]—(1/r), leading Eq.(11) to a sym-
V2 1 1 metric eigenvalue problem. In the Legendre pseudospectral
H=- > 7 + R=1]" (20 method, the collocation poin{x;} are the roots of the poly-

nomialsPy,, ,(x), whereN is the total number of grid points
used in the discretization. In such a discretized scheme, the

Hamiltonian H(x) [Eq. (11)], can be represented by the
matrix form

uR=-VV(R), (3)
DY
V(R)= . 4
( f R @ [HPTij=(D2)i; + Vi(x) & , (12
Here we assume th&approaches the target H atom, which with
rests at the origin, along thedirection with a velocity, and
the impact parameteb is along thex direction. We also (D)= 1 (N+D(N+2) 1 ,i=j. (13
assume that the relative motion of the incidprwith respect r'(x)  6(1-xf) r'(x)
to the target hydrogen atom follows a classical trajectory
from Eqg. (3) (CT) or a simple straight line trajectoryR 1 1 1
=(b,0z5+vt)] (ST). Equation(1) can be solved by the (Dz)iizr,(x) (X — X )2 r’(x)'
second-order split-operator method, with a generalized pseu- b
dospectral grid in the energy representafi®8,19,23, as

i#]. (14)

The eigenvalues and eigenfunctionsl:tffwill be denoted by

{e (1)} and {xi(1)}, respectively. The propagation of the

wave function can be performed in E®).

The advantages of the numerical method are thatve

use a nonequal space grid with a denser grid in the physical

important region(interaction regiol and a wider grid in the
outer region to save the computer time; &8pwe propagate

E E C ¢|(r)Y,m(Q) © the time-dependent wave function in an energy representa-

lr,,(t+At):e—iHOAtlze—i\N/(t)Ate—iHoAtlzw(t), (5)

where
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tion which is more effective and accurate than that in the TABLE I. Eigenenergiesa.u) of H atoms calculated by the
kinetic representatiofi24,25. A detailed numerical proce- pseudospectral method.
dure can be found in Ref§18,19,23. With this impact pa-
rameter method, we can propagate the wave function from Exact AE, AE-; AE-3 AE_s
t=0—T, yvith an imp_act parametdy .alon_g thex d@rection 1 _50000E-0]1 —5.7E-15
and a pr_OJ_e_ctlle velocity qlong thez d|rec_t|on, starting from 3  _55556E-02 43E-16 2.8E-16
Z,. The initial wave function is located in the target ground —5  _20000E-02 -24E-16 5.5E-16 0.0E-00

7

9

> 3 3
Il

state. When the projectile passes through the target or is far

from the target, we can obtain the excitation or ionization' ~10204E-02  6.6E-11  54E-11 18E-11 17E-12
probabilities as n= —6.1728E-03 1.6E-05 1.4E-05 8.4E-06 2.8E-06
_ 2 . . . . .
P(T,0)=K&(T)|¢s) I, (15 will first check the eigenenergies of H atoms in the pseu-

) . i . dospectral grid. The calculated eigenenergies from (E%).
where ¢ is the time-independentexcited or continuum  4re very accurate for the lower excited states, as listed in
state$ wave function centered at the target H atom. The corrgple |. Note that to show our numerical accuracy, we

responding cross sections can be obtained as present the exact eigenenergies as well as the differences
between the calculated eigenenergies and the exact ones. The
Uzsz P(T,b)b db. (16) calculated eigenengrgies fo.r Fhe lower excited s?ahens?() _
almost reach machine precision, and the numerical error in-

) ) _creases as the principal quantum numbemcreases, as
Our grid structure is centered at the target atom and, iRhown in Table I. For a givem, the numerical error de-

some sense, it forms a “complete” basis set for the targetreases for the higher partial waves due to oscillating less.
atom, which is similar to one center close-coupling orbitalsoyera|l, this pseudospectral grid can well describe the eigen-
[12,13. Different from the close-coupling method, we do notyaye-function of H atoms. With the pseudospectral grid, we
need to evaluate the interaction matrix, which can save Berform a convergence check for a lower energy=0.1

considerable computer time. keV) collision, which is the most difficult case in the present
calculations, with different calculation parameters. To check
ll. NUMERICAL CALCULATION AND the numerical convergence against the number of partial
CONVERGENCE CHECK waves, we performed calculations with 10, 15, and 20 partial

. . ) waves. The numerical results are already converged at ten
Based on the split-operator method with the time- y 9

. , artial waves. In a similar way, we also checked the conver-
dependent generalized pseudospectral in the energy repres%é

' ! .9 nce against the number of grid points. Three calculations
tation[18,19,23, we solved the time-dependent Safirger oo nerformed with 100, 150, and 200 radial grid points.

equation to study H+ p collisions. The impact ionization | ess than 2% error appear between points 100 and 150. The
cross sections were calculated in a wide energy rdfigen  two results of 150 and 200 radial grid points agree with each
0.1 to 1000 keV. All the calculations were performed in a 4 other within less than 1% . All the final data presented in this
PC Linux cluster with a Pentium Ill 400 MHz CPU. The work are calculated with 15 partial waves and 150 radial grid
parameters used in the calculations agg,=200 a.u., 15 points. We also checked the convergence against the number
partial waves, and 2000—6000 time steps. The radial part igf time steps by calculating the ionization probabilities with
discretized into 15Monuniformpseudospectral grid points. 2000, 4000, and 6000 time steps, as shown in Fig. 1. Two set
At t=0, the projectilep starts fromzy=—20 a.u. with the calculations are presented in Fig. 1. One is a curved trajec-
impact parameteb along thex direction. The initial elec- tory from Eg.(3), and the other is a straight-line trajectory
tronic wave function is located at the target id dtate in the calculation. The differences between the two calculations
origin of the coordinates. The time-dependent wave functioriepresent the trajectory effect. Since the antiproton and pro-
is propagated by Edq1) with a projectile trajectory from Eq. ton attract each other, the CT calculated ionization probabili-
(3), or a straight-line trajectory froma, to z;=50 a.u. The ties are larger than the ST calculated results. The calculated
ionization cross sections are calculated with 20 impact paionization probabilities with 2000 time steps are larger than
rameters, which range from-814.0 a.u. The trajectory ef- the converged ondwith 6000 time steps In the time-

fect can be studied by comparison of the cross sections caflependent calculation, to avoid the electron wave-packet re-
culated with CT and ST. Before we present our calculatedlection when the electron reaches the bounda#y, we add
ionization cross sections, we will first discuss the numericak filter starting fromr,,=150 a.u. The filter functiorw(r)
accuracy and numerical convergence in the present calcul@&sed in the present calculation is

tions.

There have been many time-dependent Sdiniger equa- 1.0, r=ry
tion studies of this simple collision system, but no two cal- W(r)= w TTw T (17
culations are in good agreement within 10% over the whole cos' m 2/ r=>ry.

energy region, especially on the lower-energy <toelow 1
keV). In the present method, since we propagate the timeAfter each time step, we multiply the wave function by the
dependent wave function in the energy representation, wilter W(r). This filter (or absorbermay induce an artificial
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FIG. 1. The ionization probabilities calculated with 20@@tted
curve, 4000 (dashed curve and 6000(solid curve time steps in
H+p collisions at 0.1-keV collision energy. ST stands for the
straight-line trajectory calculation, and CT stands for the curvedan ejected electron is pushed out by the projectile even when
trajectory calculation. the projectile is leaving the target H atom. After all these

convergence checks, we will present our calculations.
absorption. To check the validity of the filter, we see that
ionization probabilities with a greater level of absorption
(6000 time stepsdo not increase as compared with those ) o ]
with a lower level of absorptioi2000 time steps This in- Figure 3 shows !onlz'atlon probabllltles as functions of
fers that the filter does not influence the final calculations. IMPact parameteb with different incident energies. Table I

In principle, we need to abstract the ionization probabili-liSts the impact parameter vallbg,.,, corresponding to the
ties when the antiproton is infinitely far from the target H Maxima ofbP(b), and impact parameter valug,, corre-
atom. In practice, we abstract this ionization probabilitySPonding to the large position at whieti(b) is half of the
when the two particles separate from each other at someeak value. When the |nC|dent_energy is Iess than 25 keV in
distance. Figure 2 shows dynamic ionization probabilities? laboratory frame(corresponding to a relative velocity
with different impact energies. Clearly, we see that the ion-=1.0 a.u), byay is given by the radius of the hydrogers 1
ization probabilities saturate at 10 a.u. for the high-impac©rbital. If the incident energy is above 25 ke, is deter-
energy E>1 keV). The ionization probability shows a rapid mmed by the Qynam|c relationship betwe_en colliding par-
increase from—5.0 to 10 a.u., followed by a slow increase ticles. The relation between the most possible energy gain of
for the low impact energy0.1 keV). Thus, we should be an ejected electron art,,, can be predicted by Massey’s
careful to take a sufficiently long time until the probability Criterion [27];
become completely stable. This time delay can be under-
stood as a post-collision interaction, as indicated by Pons
[12]; i.e., due to the slow antiproton motiom {0.06 a.u),

FIG. 3. The ionization probabilities in Hp collisions as a func-
tion of impact parameteb at several impact energies.

IV. RESULTS AND DISCUSSION

(18

®0=0v/Dbpax.

In the cases of impact energies 100 and 1000 keV, the most
possible energy gaingonization potential plus ejected elec-

T ' ' ' 01 keV — ] tron’s energy are 1.6 and 4.2 a.u. If we replatg,,, with
i 1 keV ------- ] by, in Eq. (18), we can estimate the broadening of the
08 1(1)8 m ] ejected electron energy spectra, which are about 0.69 and
[ 1000 keV ———— 1.78 a.u. for 100 and 1000 keV. This means that the ejected
8 06 . electron energy spectrum moves to a higher energy, and is
I broadened for high-impact energy collisions.
o 04 N A ] TABLE II. Impact energy dependence bf,.,, by, and the
0 [ 1 mean excitation energy obtained from Massey'’s criterion.
i E (KeV) v (a.u) bmax by w (ina.u)
1 I I
0 10 30 40 50 0.1 0.0632 ~1 1.6
2() (a.u.) 1 0.2 ~1 1.8
10 0.632 ~11 2.4
FIG. 2. The dynamic ionization probabilities inﬁcollisions 100 2 1.2 2.8 1.6
at several impact energies with the impact paramited.0. The 1000 20 1.4 3.3 4.2

calculations are based on a curved trajectory.
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FIG. 4. The ionization cross sectionfaH atom by antiproton o 12 e
impact calculated with three schem®s, S2, andS3. The defini- I A
tion of the three schemes is discussed in the text. 1.0
08 F
Normally, we calculate the ionization probability by sub- 06 F
tracting all the bound-state probabilities from one, as - Knudsen [16] +—e—
02
PON(T.b)=1=2 Kw(Twi)l (19 00 b
i 0.1 1.0 10.0 100.0 1000.0

Impact Energy (keV)
where{y;} are all the bound states for the target H atom. o ) ]
This is because, in our calculations, the highly excited states F!G: 5. Calculated ionization cross sections of H atom by anti-
(n>10) are not well described, as shown in Table I. ToProtonimpactin awide energy range with a curved trajectsofid
estimate the numerical uncertainty due to the highly exciteuv® and a straight line trajectoriglashed curve (&) Comparison
states, we present the ionization cross section in the followWIth other calculations(b) Comparison with the experiment.
ing three schemesS1: we subtract all states with negative
energies.S2: we subtract all the states with a calculatedtraction. Here we clearly show that the trajectory effect plays
negative eigenenergy in agreement with the exact one withian important role in the lower-energy collision. The simple
5% error.S3: we subtract all states with a principal quantum straight-line trajectory calculation cannot give the right re-
numbern=<10. The calculated ionization cross section with sults within a 10% error in the lower-energy region.
the three schemes are shown in Fig. 4. Since, in our calcu- The results of Refl10] are always larger than our results
lations, all the states with a principal quantum numhber by 10%, except at 2 and 500 keV. The results of R&fare
<10 are described accurately, t88 curve gives the upper also larger than our results in the energy region from 10 to
limit of the ionization cross section. Roughly speaking, the150 keV, but smaller than our result when the impact energy
S1 curve giveS the lower limit of the ionization cross S€C-js below 10 keV or above 150 keV. The results of F{&B]
tions. The differences between tB& andS3 curves repre-  gre always larger than our results by 10% except at 0.1 keV,
sent the numerical uncertainty. T2 curve is between the 4t \which the two agree with each other. Two other recent
two limits. Since theS1 andS3 curves are in good agree- ca|cylationd 12,11 are closer to our calculations. Among the
ment with each other for high-energy calculatio'S<(40  cc methods, Halkt al. [8] expanded the electronic wave
keV), we can ignore the uncertainty due to the calculationy nction in terms of a finite Hilbert space set, Igarashal.

scheme. In the lower-energy region, the differences betwe 1 : : -
- Q'l expanded the wave function by the Strumian basis set
the S1 andS2 calculations are less than 3%. Therefore, we 1 exp y

conclude that the numerical uncertainty of the ionization(aSSOCiated Largurre basis yetind Pons[12] used the
S y spherical Bessel functions to describe the continuum func-
cross section is less than 3% .

Finally, we will present our calculated ionization cross tion. As for the d|rect'sollut|on methods, 'Weldﬂ al [1(.)]
sections based on thel scheme with the CT trajectory used a numerical solution in three-dimensional Cartesian co-
(solid curves and the ST trajectorgdashed curvesn Fig. 5 ordinate grids, and the ionization cross section was estimated
We present a comparison with other calculationsSing Ed.(19) with n=4. , ,
[8,10,12,15,11in Fig. 5a), and a comparison with the ex- Our calculated results are in good agreement with the ex-
perimental dat416] in Fig. 5(b). Above 1 keV, the discrep- Perimental measuremeft6] as shown in Fig. &) over the
ancy of the cross sections between the CT and ST calculavhole e>.<per|mental energy range. W? hope néw experimen-
tions is less than 4%, but at 0.1 keV the discrepancy@l data in the lower-energy region will be available soon.
increases up to 20%. The CT cross section is larger than the TO summarize, we have presented a theoretical study of
ST cross section due to the proton-antiproton Coulombic atthe ionization process in H- p collisions by solving the
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time-dependent Schdinger equation with the split-operator data. Since our time-dependent pseudospectral method can
method and the generalized pseudospectral method in th®e used to describe very highly excited states as well as
energy representation. Particular attention was paid to thground stated28], a combination of our time-dependent
numerical accuracy and the numerical convergence. Our cainethod with the time-dependent fully quantum-mechanical
culated results are confirmed to be accurate and stable, amgethod used in the electron-impact ionization calculation
consistent with various checks within a 3% discrepancy. Thestudies[29] can be used to study the formation of protoni-
results are in reasonable agreement with the experimentains.
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