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Single ionization of helium by antiprotons: A case study by self-interaction-free time-dependent
density-functional theory
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Single ionization of helium by antiprotons in a wide energy rafgel000 keV has been studied by a
self-interaction-free time-dependent density-functional theory. Our calculated single-ionization cross sections
are in agreement with the experiments in the high-energy regime. The calculated single-ionization cross
sections around the peak position are 20% lower than the recent close-coupling results as well as the experi-
ment. In the low-energy regime, our results are lower than the close-coupling results, but still larger than the
experimental one. A detailed comparison between our method and the close-coupling method is discussed. Our
estimated ratios of double-to-single ionization are in agreement with the experimental measurements within a
factor of 2 over the whole energy range. The limitation of the present method is discussed by comparing with
the more complicated theoretical methods.
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[. INTRODUCTION exchange-correlation functional form has already been ap-
plied to atom-ion collision$17] and the results were not in
The collision between antiprotons and atoms has been agreement with the experiment. Like the static DFT with a
subject of interest in atom-ion collision physics. Although conventional exchange-correlation functional form, the
the collision between antiprotons and H atoms is the simplestPDFT with a local exchange-correlation functional form
system in the theoretical study, the experimental measuré&ontains a spurious self-interaction, which should be re-
ment in the lower-energy regime is not available yet due tgnoved. The TDDFT with an optimized effective potential
the low H atom density in the experiment. Since He atom&nd @ self-interaction correctidDDFT/OEP-SIQ [18,19
are the next simple atomic system that can provide high gasircumvents the self-interaction by use of a local exchange-
density, there are some single- and double-ionization me orrelation functional form with a se]f—mteracuon correction
surements in the medium to low-energy regirftes3]. From 20]'.SUCh a method has been applied to the high-order har-
a theoretical point of view, the collision between He atom monic generation of complex atoms in the intense laser fields
and antiprotons is a fundamental two-electron system inclu 21]. Now, we will apply the TDDFT/OEP-SIC method to
. . : ) atom-ion collision processes to explore the limitation of the
N9 bOt.h static _and dynamic C(_)rrela'qon_s. There are ManynpET in such a two-electron system. In the TDDFT/OEP-
theoret_lcal §tud|e§4—6] on the smgl_e |0n|gat|_on by various g equations, it is very important to have a good time
approximations. Although for the single ionization, the ex-phagator to solve the single-electron-like time-dependent
perimental data[3] were in good agreement with the geprgiinger equation. Here, we will use the time-dependent
continuum-distorted-wave—eikonal-initial-stateCODW-EIS)  generalized pseudospectral method with the second-order
calculations[4], that should be valid in the high-energy re- spjit operator in the energy representatif2?]. Such a
gime, recent studig¥,8] by the close-couplingCC) method  method has been successfully applied to the high-order har-
showed that the existed experimental data could be too smathonic generation in the intense laser figl@3], high-
in the low-energy regime. Apart from the single ionization, resolution spectroscopy of H atoms in the crossed electric
the ratio of double-to-single ionization provides more physi-and magnetic field§24], and collision of H-like ions by
cal insight about the electron-electron dynamic correlationprotons[25,26 and antiproton$27].
which is not well studied yet. There are only a few studies Based on the TDDFT/OEP-SIC method, we have calcu-
[9-13 of the double ionization. Meanwhile, a new experi- lated the single-ionization cross sections of He atoms by an-
mental study on the collision between atoms and antiprotoniprotons in a wide energy rangérom 5 to 1000 keV. We
in the low-energy regime will be available in the near futurefound that for the single-ionization cross sectiofis, our
by using a slow antiproton beam at Antiproton Decelerator otcalculated results are in good agreement with the experiment
CERN[14]. All these stimulate us to study the ionization of in the high-energy regimeE>300 keV), (2) our results
He atoms by antiprotons in a wide energy ran@em confirm that the experimental results are too small in the
5-1000 keV by the time-dependent density-functional low-energy regime, which was reported in the recent theoret-
theory (TDDFT) [15,16. The TDDFT with a conventional ical studies[7,8], but our results are also smaller than the
recent theoretical results in the low-energy regime, @aéh
the peak region, our results are smaller than the recent CC
*Present address: Physics Department, Kansas State Universitgsults[7,8], which are in agreement with the experiment.
Manhattan, KS 66506. Email address: xmtong@phys.ksu.edu ~ While our calculated ratios of double-to-single ionization
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cross sections in this regime are greater than the experimeonperator method with a generalized pseudospectral grid in
tal one by a factor of 2. Our estimated ratios of double-to-the energy representati¢g82,25,2§ as

single ionization are in agreement with the experimental _

measurements in other energy regimes. The possible reasons PJ(t+ At)=e HoAZgmIV(DALg=IHOAUZ, () (7)

of the discrepancies between our results and the recent close-
coupling results are the limitation of the present theoreticalvhere
model and/or the way how to describe in the single and
double ionizations in the TDDFT. In principle, we only know

the time-dependent density in the TDDFT. A comparison be-
tween the present theoretical model and the close-coupling
method is discussed. A further experiment as well as a theo- Tit) — _ ex

retical study is needed to understand the discrepancies VIO =V =Vo(n) +VErY. ©
among the various theoretical calculations, and the discrefiere, v (r) is an effective potential without the time-

ancies between the theoretical calculations and the eXper&ependent external field, which is of a spherical symmetry.
mental measurements. _ _ _ To propagate the wave function in E@), we use spherical
We will present our theoretical method in Sec. I, in coordinates and the radial part is discretized by the general-

which we wiII_emphasize on the working equatic_)ns instead,eqq pseudospectral grid methf2B]. The first step is to map
of a general introduction about the TDDFT, which can beihe semi-infinite domaif0,0] or [0y s into the finite

found elsewherd15,16,18,19 The calculated results and domain[—1,1] using a nonlinear mapping=r(x), fol-

discussion will be presented in Sec. Ill, followed by a sum-j\yeq by the Legendre pseudospectral discretization. A suit-

mary. able algebraic mapping for atomic structure calculations is
provided by the following form:

- T Vo(r), (€S

Il. SELF-INTERACTION-FREE TIME-DEPENDENT
DENSITY-FUNCTIONAL THEORY (=L 1+x
r=r(x)=L-—m,
In the framework of the TDDFT/OEP-SIC, He atoms in 1-xta

an external field can be studied by solving the followin . .
X I udl y solving - gWhereL and a=2L/r 54 are mapping parameters. The in-

time-dependent Schdinger equation(atomic unitsf=m - ; . .
=e=1 are used throughout the paper unless indicates otheV—OdUCt'on. of nonlinear mapping usually leads to either an
asymmetric or a generalized eigenvalue problem. Such un-

(10

wise) desirable features can be removed by the use of a symmetri-
9 zation procedurg¢29]. Thus by defining
=g (rO=HO ¥, ()
A =" () xilr ()], 1y
with one finds the transformed Hamiltonian possesses the follow-
v2 ing symmetrized form:
H(t)=—7+V(r,t)—l—ve“(r,t), 2
AP =~ 5 — - Vi), (12
X)=—g ——— —— r(x)],
p(r )=y (1O Y(r,1), 3 ! 21/ dr'(x)
p(r' 1) whereV,=[1(l1+1)]/2r2+V,(r), leading Eq(12) to a sym-
VC(r,t)zf —dr’, (4) metric eigenvalue problem. In the Legendre pseudospectral
[r=r'| method, the collocation poin{;} are the roots of the poly-
nomialsPy, ;(x), whereN is the total number of grid points
Vo(r)=— E (5) used in the discretization. In such a discretized scheme, the
n ’ A
r HamiltonianHpP(x), Eq. (12), can be represented by the fol-
lowing matrix form:
and
V(LD=Vat Vet Vi popl—Vod p.01. () = (2D VIO 3 49

Here, V,. is the local-spin exchange-correlation potential with
[28] and ¢(r,t) is the single-electron wave function. We as-

sume that the total two-electron wave function is a product 1 (N+1)(N+2) 1

of the two single-electron wave functiofsingle determinate (D2)ij= r'(x)  6(1-x%) r'(x) e
approximation. Note that the time-dependent effective po-

tential in Eq.(6) is a special case of the optimized effective 1 1

potential with self-interaction correction for a two-electron (Dy);; = i # ] (15)

system. Equatiofil) can be solved by the second-order split- r’'(x) (xi—xj)2 r’'(x) '
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The eigenvalues and eigenfunctiongffwill be denoted by 14 ' ' 10 ke —5_ |
{e(1)} and {x\(1)}, respectively. The propagation of the AN E =100 keV ---e--- ]
wave function can be performed in E@). AN E = 1000 keV ——&-—
The advantages of the numerical method are thatve B
use a nonequal space grid with a denser grid in the physically L]
important region(interaction regiop and wider grid in the % 10k /
o0 i

outer region to save the computer tini2) we propagate the [
time-dependent wave function in the energy representation [
that is more effective and accurate than that in the kinetic 0.8
representatiof30,31]. The detailed numerical procedure can I
be found in Refs[22,25,28. With the impact-parameter ap-

0.6" 1 1 1

proximation, the interaction between the antiproton and elec- p 3 5 - 9 1
trons Is written as Number of Partial Waves
oxt 1 FIG. 1. Single-ionization cross sections of He atoms by antipro-
VEH(r, 1) = ROO—T|" (16)  tons as a function of the number of partial waves included in the
calculation by the TDDFT/OEP-SIC method.
Here, we assume that the trajectory of the antiproton is a IIl. RESULTS AND DISCUSSION

straight line. We propagate the wave function frdam 0
—T, with an impact parametdr along thex direction and a Based on the TDDFT/OEP-SIC method, we have calcu-

projectile velocityy along thez direction starting fronz,.  lated the single-ionization cross sections of He atoms by an-

The initial wave function is located in the target ground statdiProtons over a wide energy ran¢feom 5 to 1000 keV. All
1s2. When the projectile passes through the target or is fafn€ calculations were performed @ 4 PCLinux cluster with

from the target, we can obtain the single-electron survivaf Pentium 1l 400-MHz CPU. To check the numerical stabil-
ity, we first turn off the external potential.,; and propagate

probability as . i .
the wave function. The normalization of the time-dependent
wave function changes less than 2tafter 5000 time steps.

P(T,b)= 2 ()| @), (177 The numerical convergence has also been checked by chang-
! ing the number of the partial waves and the number of grid
, . . points. Figure 1 shows the convergence of the single-

with ¢;, the time-independent bound-state wave functiongnization cross sections against the partial waves at 10-,

centered at the target He atom. The corresponding single anghg.  and 1000-keV impact energies, respectively. For the

double cross sections can be estimated as lower impact energy(10 keV), we can get the converged

results with a few partial waved €£5). For the higher im-

pact energy(1000 ke\}, we need more partial waves to get

the converged results. All these are consistent with our com-
mon sense that for a higher impact energy, we need more
oi - partial waves in the calculation. The final results presented

o _Zﬁf P="(b)b db, (19 here are calculated with 12 partial waves and 128 radial grid

points with 1000—3000 time steps. For the lower impact en-
ergy, we use more time steps.

0'+:27Tf P*(b)b db, (18

with
Figure 2 shows the single-ionization cross sections calcu-
P*(b)=2[1—P(T,b)]P(T,b), (20) lated by the_ TDDFT/OE.P—SIG;thmk sollq line apd SAI_E/
OEP-SIC(thick dashed linemethods. It is very interesting
24 11 2 to see that the two results are in agreement with each other in
P (b)=[1=P(T.b)]% @D the high-energy regimeE>200 keV). The SAE/OEP-SIC
o . . results are larger than that of the TDDFT/OEP-SIC as the
Note t(?a}t the l'm't?t'on of Eqs(20) ancfi (22) will be dis- o mpact energy decreases. This can be understood as for the
cgiseh ml Sec. il I(')r a cor;:pgnsfon 0 hour present metho igh impact energy, the interaction time is short and the
with the close-coupling method. If we choose electron-electron dynamic correlation is smaller than that for
~ the low impact energy case. This observation is in agreement
V(t)=Ver,1) (22)  with the comparison of the independent particle model and

one active electron model reported by Igarashal. [8] as
in Eq. (9), we will return to the single active electrdBAE)  also shown in Fig. 2. But our results are significantly lower
model [8,32,33. In the SAE model, the electron-electron than their results in the medium-to-low energy regimes.
dynamic correlationy(r,t) —V(r) in Eq.(9) is ignored. To  Physically speaking, due to the partial ionization of elec-
study the dynamic correlation effect, we will compare thetrons, the remaining electrons are bounded tightly by the
single- and double-ionization cross sections calculated witmucleus. The SAE/OEP-SIC calculation does not take into
TDDFT/OEP-SIC and SAE/OEP-SIC methods. account such dynamic correlation effects. Therefore, the
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FIG. 2. Single-ionization cross sections in the collision between FIG. 4. Ratio of double to single ionization of He atoms by

He atoms and antiprotons calculated by TDDFT/OEP-SIC andantiprotons calculated by TDDFT/OEP-SIC and SAE/OEP-SIC
SAE/OEP-SIC. The calculations of the independent particle modeiethods.

and the single active electron model from RES] are also pre-

sented for comparison. periment as the impact energy decreases, and our results get
closer to the CC results.
SAE/OEP-SIC results are larger than the TDDFT/OEP-SIC  Now let us estimate the ratio of double to single ioniza-
results as shown in Fig. 2. A similar behavior has also beefion of He atoms by antiprotons from Eq48) and(19). The
observed in the high-order harmonic generatietHG) of  double ionization can be produced throughthe shake-off
He atoms in intense laser field48]. The HHG yield of mechanisms, which are related to the static correlation and
TDDFT/OEP-SIC and SAE/OEP-SIC shows a large discrep¢p) dynamic correlation, which are strongly dependent on the
ancy in an intense laser field than in a relative weak field. projectile, its impact velocity, and so on. In principle, the
Figure 3 shows our calculated results compared with thejouble ionization should be studied with a highly correlated
experimen{3] as well as other theoretical calculations. Ourwave function. The double ionization cross section, Et@)
results are in good agreement with the experiment for theind(21), in the TDDFT/OEP-SIC method is an approxima-
energy above 200 keV. Large discrepancies between our caton. We have no idea how good or bad it is so far. Figure 4
culation and the experiment appear in the peak positioBhows the ratio of double to single ionization calculated by
(around 100 keYy. Comparing with other theoretical works the TDDFT/OEP-SIC and SAE/OEP-SIC methods. In the
shows that all the theoretical works agree with each other imigh-energy regime E>200 keV), the two results are in
the high-energy regimeE(>300 keV). Agreement between good agreement with each other. As the energy decreases, the
our results and the forced impulse meth@M) [10] ex-  SAE/OEP-SIC results increase much more rapidly than the
tends to a further lower energ§150 keV). The CC re- TDDFT/OEP-SIC results. Our calculated ratios are in rea-
sults[7,8] are in agreement with CDW-EIS resu[#] from  sonable agreement with the experiment in the high-energy
high-energy regime to the peak position. Our results argegime as well as in the lower-energy regime as shown in
lower than the CC results. In the low-energy reginte ( Fig. 5. In all other parts, our results are larger than the ex-
<20 keV), our results decrease much slower than the experimental one by almost a factor of 2, but the general trend
is right. In the low-energy regime, the results of the close-
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FIG. 3. The single-ionization cross sections of He atoms by
antiprotons. Our calculated results are presented as TDDFT/OEP- FIG. 5. Comparison of our calculated ratio of double to single
SIC. The experimental results are from RiF]. Other theoretical ionizations with other theoretical works and the experiments. Ex-
works: CDW-EIS calculation from Ref4], FIM calculation from  periment 1 from Ref[3]; experiment 2 from Refl1]; CFCA and
Ref.[34], and CC calculation from Ref7]. IEM from Ref.[12]; FIM from Ref.[10]; and MOCC from Ref{9].
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0.25 T . T T method with one-center compleité basis set. Since our one
atomic orbital forms a “complete” basis set and we do not
020 (a) single ionization need to calculate the overlap and the interaction matrix in the
—_ o time propagation, our method is more efficient than the
3 015 close-coupling method. For a two-electron system, we
o use a single determinant wave functiof(rq,r,)
+§ 0.10 =y(rq,t)(r,,t), with single-electron wave functions ex-
o panded over one-center complété basis set. Although all
0.05 the two-electron configurations are taken into account in the
single determinant, the coefficients are not independent. If
0.00 ] we partition the single-electron wave function into
= Cpihp+Ceifc, (23
0.04 T T T T . . . )
(b) double ionization with ¢, and i, representing the excited and continuum wave
functions, the single determinant wave function will be writ-
0.03 [ .. 4
- 7 ten as
8 ; E= 15keV --------
£ 002t ety — ] W(ry,2,0)=Chn(ry) n(r2) + Coype(r ) (1)
4 ; S T CpCel #p(r1) Phe(r2) + he(r1) dn(ra) 1.
0.01 ~ \ ] (24
0.00 AN L L The second and third terms in E@®4) are the double and
0 1 2 3 4 5 single ionization wave functions, that are not independent.
b(a.u) This results that the two independent procegsasyle and

double ionizatioh are described by a single parameter in

FIG. 6. (a) The single- andb) double-ionization probabilities as Egs. (20) and (21). Even with such a drawback, our calcu-

a function of the impact parametbrwith three impact energies. lated single- and double-ionization cross sections are still in
reasonable agreement with the experiments. Unlike the

coupling method with molecular-orbital ori®] are in fair  close-coupling method, we cannot choose each individual
agreement with the experiment, as shown in Fig. 5. In theonfiguration within the single-determinant approximation.
high-energy regime, all the calculatioffe0,12] are in agree- To overcome the limitation of the present method, a multide-
mental with the experiment measuremght The ratio in-  terminant is needed.
creases as the impact energy decreases, while the single- To summarize, the single-impact ionization cross sections
ionization cross section has a peak around 100 keV. We wilbf He atoms by antiprotons has been studied by the TDDFT/
study the ionization probability as a function of the impactOEP-SIC method in a wide energy ranfeom 5 to 1000
parameter, as shown in Fig. 6. We choose three impactkeV). Our calculated single-ionization cross sections are in
energies, 100 keV, the peak position, 15 and 310 keV, agood agreement with the experiment in the high-energy re-
which the single-ionization cross section are almost thegime (E>300 keV), but significantly lower than the recent
same. Figure 6 clearly shows that the single-ionization prob€C calculationg7,8] in the peak region E~100), which
ability extends to the large impact parameter regime. Thevere in agreement with the experimei@]. The possible
double-ionization probability is dominant in the small impact reasons of the discrepancies between our results and the re-
parameter regime, which explains that the ratio increases a®nt close-coupling results are the limitation of the present
the impact energy decreases. Such observation is consistahtoretical model. Our estimated ratios of double to single
with intuition. ionization are in agreement with the experimental measure-

Now, let us compare our method with the close-couplingments within a factor of 2 over the whole energy range.
method from a more fundamental point of view. For a colli- Although the TDDFT shows an improvement over the SAE
sion involving one electron, namely, H atoms by antiprotonsmodel, it still needs an improvement in considering the dy-
or protons, our method is equivalent to the close-couplingnamic correlation more correctly.
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