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Scaling relation in the collision of hydrogenlike ions with antiprotons
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The impact excitation and ionization of hydrogé)-like ions by antiprotons are studied by solving the
time-dependent Schdinger equation with a time-dependent generalized pseudospectral method in a wide
scaled impact energy regidi to 1000 keV. The validity region of the scaling relation is investigated by
comparing the time-dependent calculations with the first Born approximation results. The numerical error and
the validity region of the time-dependent generalized pseudospectral method have been explored. Based on the
present study, we conclude th@tthe scaling relation of the ionization and excitation cross sections is valid for
high-Z H-like ions or in the high-impact-energy regime for IG&H-like ions; (ii) for given H-like ions, the
scaling relation works better for the impact excitation to the dipole allowed transition than for the impact
excitation to the dipole forbidden transition; afiil) the time-dependent generalized pseudospectral method is
not valid in a very weak perturbation system, which can be fairly studied by the time-independent methods. We
also discuss the physical originations of the numerical observations.
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[. INTRODUCTION the time-dependent and time-independent methods. Mean-
while, the ionization cross sections of H-like ions can be
The collision between hydrogen atoms and antiprotongised to study the multi-electron ionization process in the
(p) is one of the simplest and most fundamental processes fidependent event moded9] when the sequential ionization
atom-ion collision physics. There are many theoretical workdS dominant. Here we calculate the impact ionization and
[1-10] on this simple system. An experimental research usExcitation cross sections of H-like ions by antiprotons using

ing slow antiprotons is prepared under the project of atomi@ ime-dependent generalized pseudospecEDGPS

- . . method combined with the split-operator method in the en-
spectroscopy and collisions using slow antiprotons

. . ergy representatiof20]. Such a TDGPS method has been
(ASACUSA) [11.] at the Antiproton Deceler_ato(AD) n successfully applied to study the high-order harmonic gen-
CERN, which stimulates more recent theoretical Wdtk&- o, ~tion in the intense laser fie[@1], high-resolution spec-
16]. !n t_he .fII’St Born app_roxmanon, the |mpact_ex0|tat|on troscopy of the Rydberg atom in the crossed electric and
and ionization cross sections of hydroge)-like ions by agnefic field§22], and the collisions of H atoms with pro-
antiprotons are the same as that of H-like ions by protonsyons[23,24 or antiprotong17]. The purposes of the present
The cross sections have a scaling behavior for being in th§tudy are threefoldi) the validity of the scaling relatioriji)
first Born approximation. In recent theoretical StUdiESthe Comparison between the time-dependent and time-
[4,9,10,17 it is found that the ionization cross section dOESindependent methods; arii ) the numerical error analysis
not fall off in the low-energy regime for the collision of H in the present TDGPS method.
atoms by antiprotons. The ionization cross sections are dif- We will present our theoretical method in Sec. II, which is
ferent for protons and antiprotons collision with H atoms atemphasized on the scaling behavior in the working equations
the low-energy regime. Thus, we can see that the first Borand error analysis in the second-order split-operator method.
approximation is not valid in the low-energy regime for col- The calculated results and a discussion will be presented in
lision between H atoms and antiprotons. Now the question i$ec. lll, followed by a summary in Sec. IV.
whether or not the first Born approximation is valid in the
low-energy regime for collision between the H-like ions and Il. THEORETICAL METHOD
antiprotons. To our acknowledge, there are a few theoretical The impact excitation and ionization cross sections of
studies on the collision of H-like ions with antiprotojgs 18] Helike | P b tiprot be studied b time-
and there is no experimental data so far. Of course, from th ke lons Dy antiprolons can be studied by a time
experimental point of view, such an experiment is extremel epi:nokl)ertl_t meth?ﬁ asl_\livelihasfl_ayta tlgne-gdependent_method
difficult due to the low ion density and small cross sections{ii))enr lIJ:rolzliolv(\)/ir:] mivedv(\j/illl iﬁtroguclgs t-r?é tSvro rgg:hizzrox'ma'
But from a theoretical point of view, the collision between ' 9 '
H-like ions and antiprotons provides a system to st{iglthe !
validity of the scaling relation, anii) comparison between A. Time-dependent method
The collision between H-like ions and antiprotons can be
studied by the impact parameter method, in which the rela-
*Present address: Physics Department, Kansas State Universitiye motion of the antiproton with respect to the atomic
Manhattan, Kansas 66506. Email address: xmtong@phys.ksu.edunucleus is described by classical mechanics, and the time-
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evolution of the electron motion is described by quantumwith
mechanics. The time-dependent electron wave function of

the H-like ions can be described by the following time- _ vZ o1
Ho=— 5, (12)

dependent Schdinger equation agatomic units with# 2 r
=m=e=1 are used throughout unless explicitly stated oth-
erwise Vi) = 1 12
) (0= Z=71 (12
=y D=HOUNY (1) :
O(At?) = 521 [V(1),Hol Ho+ 2V(t)IAts. (13
with
~ To propagate the wave function in E4.0), we use spherical
~ v z 1 coordinates, and the radial part is discretized by the general-
H=— 7_f+ R-7|’ 2 ized pseudospectral methd@5]. The detailed numerical

procedure can be found in Ref&0,23,24. With this impact
= ~ parameter method, we can propagate the wave function from
uR=-=VV(R), (3 t=0—T with the projectile along the direction starting
from z,. The initial wave function is located in the target
~ P (r, D Y(r 1) o ground state. When the projectile passes through the target
V(R)=— ) f W dr. 4 and far from the target, we obtain the excitation or ionization
probability as

HereZ is the target nuclear charge of the H-like ions and
is the reduced mass of the H-like ion and the antiproton. We

suppose thap is approaching the targéan H-like ion,  whereyy is the time-independent excited or continuum state
which is rested at the origin, along thedirection with a  wave function centered at the target H-like ions. The corre-
velocity v, and the impact parametbralong thex direction.  sponding cross sections in the scaled coordinates can be ob-
We also assume that the relative motion of the incident tained as

with respect to the target nucleus follows a classical trajec-

tory, from Eq.(3). To investigate the scaling relation of the 0'=27Tf P(T.b)bdb (15)
impact excitation and ionization cross sections in the colli- ' '

sion of H-like ions by antiprotons, we make the following

P(T,b)=|<(T)|g>|?, (14)

transformations: The cross section for a given H-like ion can be obtained as
T D ~ O
r=r/lZ R=R/Z pa =1 (16)
T=t/Z? H=ZH. (5)
Since the interaction between the target electron and the an-
Now, we rewrite Eqs(1)—(4) as tiproton is scaled as Z/in Eq. (12), the cross section in Eq.
(15) should be
Jd
|Elﬂ(r,t):H(t)lﬂ(r,t) (6) O'H ~ (TH
oxX— Of o%x— (17
: z? z*
with
v 1 1 with o™ as the cross section for H atoms. For the conve-
R ——— 7 nience of later discussion, we define a scaled probability,
2 1 ZIR-r| scaled cross section, and scaled impact energy as
uR==VV(R), 8 P«(T,b)=ZP(T,b), (18)
() (r, t) o=2", (19
V(R)= f —ZrR- " (9)

E,=E/Z° (20)
Equation(6) can be solved by the second-order split-operator
method with a generalized pseudospectral grid in the energy

. B. Time-independent method
representatiofi20,23,24 as

' . ' In the first-order plane wave Born approximation, the im-
J(t+ At)=e HoAUZg=IV(DALg=IHoAUZ (1) + O(AL®) y(t) pact excitation and ionization cross sections of H atoms by
(10 antiprotons can be written as
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3.00 P theoretical result$9,10,18 of the impact ionization cross

. TDSE(Z=1) o ] ) S . :
pso | lonization . TDSE(Z=2) & ] section of H-like ions by antiprotons are also presented in
e , (COTMeZ2) 2 T Fig. 1. For the first Born calculation, the scaled impact ion-
< 200F Z=2 ] ization cross section is independent from the target atomic
g “PF Z-4 - ] Y
S i ETTTTN 2210 e ] numberZ. As we expected, the scaled ionization cross sec-
o 150 F O N, Borm e ] tions are in good agreement with each other at a high-
= i ' ] impact-energy regimébove a few 100 ke)/ As the scaled
e 1.00p impact energy goes to the medium-energy regifnem 20
050 E: to a few 100 keV, the scaled impact ionization cross sec-
T tions increase more rapidly for the highH-like ions. The
000 B+ i L maximum scaled ionization cross section appears around 25

1 10 100 1000 keV, at which the incident velocity is equal to the électron
Es (keV) velocity moving around the target nucleus. In this energy
regime, although the scaled ionization cross sections of the

FIG. 1. The scaled impact ionization cross sections of the H-like

ions by antiprotons together with other theoretical calculations.h'gh'Z ions are closer to the first Born results than those of

Filled circles are from Ref[9], open triangles are from RefL0], f[he !ow-Z ions, significant discrep_ancies still exis_t, as shown
and filled triangles are from Ref18]. in Fig. 1. The peak value of the first Born result is about 1.4

times the peak value of the scaled result Zor 10. As the
scaled impact energy goes to the lower-energy regbew
87 (dmax L LT . X
— Fij(q)/qsdq excitation, 20 .ke\/), the scgled ionization cross sections decrgage very
02 Jamin rapidly for the highZ H-like ions. For H atoms, the ioniza-
o= (21)  tion cross section decreases very slowly, as shown in Fig. 1,
S Umax o instead of the fast decrease predicted by the first Born ap-
—Zf f Fij(q)/q3dqde Ionization proximation. The different behaviors of the ionization cross
v Amin section for H-like ions by antiprotons at the lower-energy
regime have been studied systematically by the theory of
hidden crossind9]. In this theory, at the united atom limit,
the collision system of H atoms by antiprotons has no bound
state. The initial ground state is pushed into a quasimolecular
continuum state. This results in a finite ionization cross sec-
tion at the lower-energy end. For high-ons, the initial
ground state and the ground state of the united atom are close
do each other. This results in the decrease of the ionization
cross section as the impact energy decreases. Detailed expla-
nation can be found at R€]. It is very interesting to com-
o(Z2)="1Z*. (23  Ppare our scaled ionization cross sections with other calcula-
tions. For H atoms, our resultgsolid line) are in good
The scaling relation, E¢(23), is exact in the first Coulomb agreement with lattice time-dependent Sclinger equation
projected Born approximation. method(TSDE) (circles results[10] within a few percent-
ages over the whole-energy regimes. ForHens, our re-
sults(dashed lingare in agreement with TDSE's resultk3]
(filled triangles over the whole-energy regimes. The classi-
Based on the TDGPS method with the second-order splitcal trajectory Monte CarldCTMC) calculation[9] (open
operator method in the energy representafdi, we calcu- triangleg is also in agreement with our results in the
lated the impact excitation and ionization cross sections ofmedium-energy region. In the lower-energy region, the
H-like ions (Z=1,2,4,10) by antiprotons. All the calculations scaled cross section of Fidons should be smaller than that
were performedr a 4 PCLinux cluster with a Pentium Il of H atoms. But the CTMC result shows larger than that of
400 MHz CPU. The numerical convergence has beeithe H atom. Therefore, we think the CTMC results at lower-
checked in the same way as we did for the collision of Henergy are overestimated for the ionization cross sections.
atoms by antiproton§l7]. For comparison, we also calcu- Our time-dependent calculation of the scaled ionization cross
lated the impact excitation and ionization cross sections bgection forZ= 10 shows some increasing, which is due to the
the first-order Born approximation. Since the Born approxi-numerical error we will discuss later.
mation is valid in high-impact-energy, we expect that the Figure 2 shows the scaleds2and 2 excitation cross
time-dependent and Born results should agree with eackections of H-like ions by antiprotons. The TDSE results for
other at the high-impact-energy regime. He* from Ref.[18] (filled triangles are in good agreement
Figure 1 shows the scaled impact ionization cross sectiowith the present calculation for boths2and 2 excitation.
of H-like ions(Z=1,2,4,10 by antiprotons calculated by the The general features of thes Zxcitation cross sections are
present time-dependent ScHiager equation method as well quite similar to the ionization cross section. All the scaled 2
as by the first Born approximation. For comparison, otherexcitation cross sections are in good agreement at the high-

with
Fi(@)=[(gle " y;)|2. (22

Here, ¢; and ¢; are the initial and final states of the H-like
ions, g is the momentum transfew, is the impact velocity,
andqpin andgmay are the minimum and maximum momen-
tum transfers for a given energy loss. For the H-like ions, th
cross sections can be written as

IIl. RESULTS AND DISCUSSION
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FIG. 2. The scaled excitation cross sections of the H-like ions
by antiprotons tqa) 2s and(b) 2p states. Filled triangles are from
Ref.[18].

b (a.u.)

FIG. 3. The scaled ionization probabilities of H-like ions by

. . . antiprotons. The scaled impact energies @el1000 keV,(b) 100
energy regime. The peak value of the first Born result iseey, (0) 10 keV, and(d) 1 keV, respectively.

about 1.6 times the peak value of the scaled resultZor
=10. The difference is that thes2excitation peaks are lo-
cated in the lower-energy position, compared with the ion-
ization cross sections. ThesZxcitation cross section of H
atoms increases monotonically as the impact energy de-
creases, as shown in Figa?, which was discussed by Krstic In the perturbation theory, we only consider the leading term
etal.[9]. in the expansion o&~ /(4 in which the scaling relation is
Figure 2b) shows the scaled2excitation cross sections Vvalid. Now let us consider the next leading term, which will
of H-like ions by antiprotons. The general features of tipe 2 lead the invalidity of the scaling relation. For monopole, this
excitation cross sections are similar to the ionization, as wellerm is proposed to b¥3+ V2. For dipole, this term is pro-
as the 2 excitation, as we vary from 1 to 10. A significant  posed to bev%* V1. The relative effect for the monopole is
difference is that the first Born result is in good agreementnuch larger than that for the dipole sinsg>V,. Or, in
with the scaled P excitation cross section fat=10. other words, the scaling relation works better for the domi-
Based on the ionization ands22p excitation shown in nant transition. Indeed, we see thp Bxcitation cross sec-
Figs. 1 and 2, we find thafi) the scaling relation of the tion is larger than that of and the scaling relation works
ionization and the excitation cross sections is valid for high-better for the » transition than for the & transition, as
Z H-like ions, or in the high-impact-energy regime, afiid  shown in Fig. 2.
for given H-like ions, the scaling relation works better for the  In our calculation, originally, we thought that the time-
impact excitation to dipole allowed transition than for the dependent calculation for the scaled equation with tdgh-
dipole forbidden transition. For the first observation, we seeshould be easier and more reliable due to the relative weak
that the time-dependent Schlinger equation and the pertur- interaction in Eq.(12). To our surprise, the most difficult
bation methods should be the same whant)dt in Eq. case isZ=10, the largesZ in the present calculations. This
(10) is small. We can easily see that the scaling relation iforces us to check the origin of the numerical error and com-
valid for a short interaction timéhigh-impact energyor a  pare the advantage and disadvantage of the time-dependent
small interaction(high-Z casg. In the Born approximation, Schralinger equation method. In the split-operator time
generally speaking, the dipole allowed transition cross segpropagation, Eq(10), the numerical error, Eq13), comes
tion is larger than the dipole forbidden transition cross secfrom three parts(i) the finite number of the grid in the radial
tion. This is due to the fact that the integration in E2fl) is part; (i) the finite number of the partial wave; afid) time
dominated by the smatfj and the leading term in Eq22) is  stepAt. To obtain a reliable numerical result, we hope that
a dipole term. For simplicity, we decompose thé(t)dtin ~ 1—e HoAt2e=V(DAle=HoAU2 g a5 |arge as possible and
Eq. (10) as a summation of monopole and dipole, i.e., O(At®) in Eq. (10) is as small as possible. W(t)<H,, Eq.

J V(t)dt=Vy+V;. (24)

032708-4



SCALING RELATION IN THE COLLISION CF . .. PHYSICAL REVIEW A 66, 032708 (2002

(10) is vulnerable to the numerical error. We call the errorimpact energy, the contribution of such a numerical error is
related to the first term as E1 and the error related to thgetting smaller, as shown in Fig(t8. The scaled probability
second term as E2. After each time step propagation in Eqgoes too smoothly when it reaches maximum at 10 keV.
(10), if the change in the wave functigms(t+ At) — (t)]is  Such a numerical error can be minimized by using a two-
very small compared with the original wave functigift), center grid structure or by choosing the grid structure more
which is the case for the weak interaction potential in Eq.carefully in the numerical calculation. For the lowest energy
(12), the numerical results will not be reliable anymore. If we in the present calculation, the ionization probability shows
increase the time stefit, the change in the wave function some oscillation foZ=10. Since the time step is relatively
increases, so as the error in E@3). Thus, using the time- large in the lower-energy region, this part of the error comes
dependent Schdinger equation method to study a weak per-from the E2 term, which is very difficult to be suppressed.
turbation system is not effective. In the time-independentAnyway, if the perturbed potentiaV(t) is very weak,
perturbation methods, like the Born approximation, the ini-namely,V(t) is in the numerical roundoff region comparing
tial state is factored out from the final states. Therefore, thavith H,, the present time-dependent Satinger equation
time-independent perturbation theory is better for a weakotally breaks down. The time-independent method, namely,
perturbed system, like the high-H-like ions in the present the first Born approximation, should be used in this regime.
calculations.

To support our above argument, the scaled ionization
probability as a function of the impact paramebes shown
in Fig. 3 with four scaled impact energies: 1, 10, 100, and Based on the TDGPS method and the time-independent
1000 keV. We see that the scaled probability for 18wZ method(first Born approximatiopy we have studied the im-
=1,2) ions is relatively smooth over the whole energy rangepact ionization and excitation of H-like ions impact by anti-
(from 1 to 1000 keV. For highZ ions(Z=4,10, the largest  protons. By comparing the scaled cross sections calculated
ionization probabilities (7?) are 1/16 and 1/100. For high- by the time-dependent and time-independent methods, we
impact energy(1000 keV}, the scaled ionization probability found that(i) the scaling relation is valid in the high-impact-
is about two orders too small. Therefore, the ionization probenergy regime, which is already well knowi;) the scaling
ability of the highZ ions at high-impact energy is vulnerable relation is also valid for the high-H-like ions collision with
to the numerical error in the calculation. Since the interactiorantiprotons in the lower scaled impact energy regime; and
time is very short, the numerical error mainly comes from(iii) the scaling relation works better for the dipole allowed
the E1 or grid structure, namely, when the impact antiprotoriransitions than for the dipole forbidden transitions for given
is too close to the radial griCoulomb singularity. Such a ions. Meanwhile, we also found that the TDGPS method
numerical erroffthe bump in Fig. 8] always exists, but does not work well in a very weak perturbation system. For-
plays an important role when the ionization probability istunately, such systems can be fairly studied by the time-
small. As the ionization probability increases at 100 keVindependent perturbation method.

IV. SUMMARY
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