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lonization of atomic hydrogen by antiproton impact
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The ionization and excitation cross sections of atomic hydrogen with antiprotons are calculated using the
close-coupling method, where the wave function is expanded by atomic states only on protons. The resulting
total cross sections are in good convergence and in agreement with other calculations based on the close-
coupling method with considerably large basis set. The angular distribution of ionized electrons is calculated
by substituting the obtained wave function in the close-coupling method into the integral form of the transition
amplitude. Above 100 keV, the angular distributions of ionized electrons are compared for proton- and anti-
proton impacts.

PACS numbd(s): 34.50.Fa

I. INTRODUCTION dependent Schdinger equation
Experimental research using slow antiprotorE (has h(r)+V(r R(t))—i(i) #(r,R)=0 (1)
been studied at the Antiproton DeceleratéD) of CERN. ' at/, ’ ’

A user group namedSACUSA Collaboratioris going to _ N
produce an ultrasloy beam and use it for atomic collisions Wherer is the position vector of the electron from the proton,
or spectroscopies at ADL]. The cross sections for atomic andhis the Hamiltonian of atomic hydrogen. The interaction

collisions using a slowp projectile will be measured with betweenp+H is given by
Il tainties in th future.
small uncertainties in the near future V=~ 1R+ 1r—R|. @

The collision ofa with atomic hydrogen is considered
important where a heavy negative-charged particle collideshe total wave function is expanded as
with the simplest atomic system. For collision energy below

the ionization threshold, the protoniunpif) formation be-

comes dominant. In the present work, we consider collision
energies above 1 keV where the protonium formation is neg-
ligible and the impact-parameter method is vdl&]. Since  Here ¢; is an atomic wave function with energy, and it

the electron capture does not occur in the casp ohpact, can be written as

which greatly differs from the impact, the expansion of the ~ R

wave function in terms of atomic orbitals centered only on ¢;= ¢nm=Sn(N[(—=1)™Y () +Y, _n(r)1/V2(1+ 6y 0),
protons is likely to work well. While such a calculation was (4)
reported by Hallet al. [3], we try to develop a similar ap- _ ] )
proach to the one-center close-couplin@C) calculation whereY,,, are the sphenpal harmonics. For.the coordln_ates
with larger basis sets. Here we show the cross sections fdr= (X.¥,2), the z-x plane is taken on the collision plane in-
the ionization and the excitation iH+H collisions. The volving b andv and thez axis is chosen along. Since the

present total ionization cross section is compared with Othelr—|am|lton|an. IS symmetric under the reflectign- —y, anq .
authors’ results with comparatively large-scale calculation§he electronic state IS n the grou_nd state before the_ collision,
[3-5,7. Some partial contributions for the ionization crossthe angu'af part Ofﬁ.i IS symmetrlc under the reflection. .
section and the differential cross sectighCS’s) are shown The radial functionS,, is expanded using the Sturmian
with respect to the ejection angle of ionized electrons. Anfunctlons as
integral form for the transition matrix is adopted to calculate
the DCS’s using the wave function resulting from the CC Sn,(r)zr'exp(—ar)z aﬁ'gLﬁ'*z(Zar), (5)
calculation. In addition, the angular dependencies of ionized K
electrons for thep™-impacts are compared above 100 keV.
Atomic units are used unless otherwise stated. where are the associated Laguerre polynomials and
is an arbitrary constant. The coefficierty) are determined
by the variational calculation for the Hamiltonian of atomic
Il. THEORY hydrogen. The Sturmian functions for orbital angular mo-
. mentum | contain contributions from all bound and con-
Let R denote the position vector g from p. In the tinuum states with the same angular momentum. They are
impact-parameter methofl], the internuclear motion is orthogonal and free from overcompleteness, which are often
classically treated aR=Db+ vt with impact parameteb, a  encountered when using Slater orbitals. In addition, the con-
collision velocityv that is perpendicular tb, and timet. The  vergence of expansions can be studied in a systematic man-
electronic motion is described by the solution of the time-ner with an increasing number of basis functi¢8$

V=2 ci(b,t)p(rexp —iet). (3)
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FIG. 1. Convergence behavior in the present calculations for the o = )
total ionization cross section. 263 stateslfer0—5 (O), 477 states FIG. 2. Total ionization cross section jp+H. calculations:
for I=0-8 (A), 699 states foi=0-8 (), and 478 states fdr Present &), Hall et al. [3] (O), Schiwietzet al. [4] (A), Wells
=0-12,m=0-2 (X). et al. [5] (O), and CDW-EIS mode[7] (— — —). Measurement:

Knudsenet al. [9] (@).

By substituting Eq(3) into the Schrdinger equationtl), \here 4, is the Coulomb wave function normalized as
we have coupled equations with respect to the expansion

coefficients. (il Py =6(k=k"). (12)
. _ i is the total wave function that is approximated by the wave
lacizz exfi(e— €)tI(¢i|V]e))c;, (6)  function in Eq.(3). This is hereafter referred to as the inte-
! gration method. The differential cross section for the ionized
where electron momentum is given by
97 _ [ abfTo(b)?
The above-coupled equations are solved with the initial con- lll. RESULTS

dition Ci('?’_‘?"): di1s- The cross section into state A. Cross sections for the ionization and the excitation
=(n,I,m) is given by
We set the exponenk=0.6 in Eq.(5). Four different
basis sets are used in the present stdy263 states fot
=0-5, (b) 477 states forl=0-8, (c) 699 states forl
=0-8, and(d) 478 states fol=0-12, m=0-2. For the
whereP,,m(b) =|c,m(b, +=)|? is the transition probability partial wavel, the typical number of Sturmian functions is
into statel at impact parametds. The total cross sections for 15—1 for the basiga) and(b) and 211 for basis(c) and(d).
ionization and excitation are calculated by The atomic energies of the hydrogen atoms are better than 11
) digits for the n=1-3 manifolds. Some of the states with
negative energies represent the Rydberg states; those with
U'ion:;m Thim (9 positive energies represent the continuum. All azimuthal
components allowed for the orbital angular momentum are
and coupled in the basi&), (b), and(c). The contribution from
highmis strongly suppressed for slow collisions, which will
be shown in Sec. Il B. Though azimuthal components are
Coxe= E Tnim» (10 restricted up tan= 2 in the basigd), it is actually the largest
nim basis for low energies.
The present ionization cross sections are shown in Fig. 1.
The cross sections in the bag@$, (b), and(c) are in good
nim agreement above 25 keV. With decreasing energy, the basis
€nm<0, excluding the initial state. (@) deviates from other cross sections. The results of the
Though the total ionization cross sections are obtained agases(b) and (c) agree well above 2 keV. The bagid) is
a sum of excitation cross sections in the states with positivghgre reliable below 2 keV. The results of the bag®sand
energies in the CC calculation, the DCS’s cannot be obtainegh) are in good agreement at 1 keV. Thus the bé&gishows
with respect to the momenturk for ionized electrons, good convergence above 1 keV.
namelyda/dk. To overcome this, we use the integral form The present jonization cross section in the bds}sis

for the transition amplitude compared with other calculations and the data measured by
. Knudsenet al. [9] in Fig. 2. The present cross sections are
Tk(b):_iJ’ dt(exp(—iect) i V| ), (11) tabulated in Table I. Halet al. included 273 states for
—o =0-5 in their one-center CC calculatif8]. Schiwietzet al.

Gaim=27 | dbbPy(b), @®

"

respectively. In the above equatiors,,, means the sum

over states withe,;,=0 andX", . the sum over states with
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FIG. 3. The excitation cross sections ime 2 and 3 manifolds,
and total cross sections for the ionization and the excitation. Present
(Xx); Hall et al.[3] (O). . » .
FIG. 4. Impact-parameter dependencies of transition probabili-
ties at 5 and 100 keV for the ionization and the excitation. Total
[4] also carried out one-center CC calculation using 35Qonization by the CC method——). Total excitation by the CC
stateqd 3]. The results of present work, Hadt al, and Schi-  method (- -). Total ionization by the integration method in Eq.

wietz et al, which are calculated using the one-center CC(11) (O).

method, are all in good agreement. On the other hand, Wells

et al. solved the Schidinger equation directly on the three- ionization is dominant for low energy, owing to the charge
dimensional latticd5]. The cross section of Wellst al. is  cancellation of target protons by the close collisionpof
about 10% larger than that of one-center CC calculations,
which is consistent with their estimation. Discussion on the

accuracy of the lattice calculations are found in REs$and The impact-parameter dependencies for the excitation and
[6]. The CDW-EIS calculation7], which is a high-energy ionization for energies at 5 and 100 keV are shown in Fig. 4,

approximation, is valid only above 100 keV. The data mea- . ; '
sured by Knudseet al.[9], which have large error bars for res_p_ecnvely. We can notice from the flgur_e that the prob-
lower collision energies, differ considerably from the resultsab'“t'es for the excitation have a longer tail than those for

of CC calculations. The new measurements of cross sectior%ge ionization. The lonization probabilities are dominant at
o — o small impact parameters.
in p+H are being awaited.

. . L ) . Figure 5 shows the fractions of partial waveand the
Figure 3 displays the excitation cross sections mo2  imythal components: for the ionization cross sections at

and 3 sublevels, the total ionization cross section, and the 1o\ and 100 keV. There is a good convergence Wit
total excitation cross section. The excitation cross sectionggg kev. On the other hanticonvergence is not so good for
also show good convergence among the present four bas{s yev: however, the contributions obtained by assigning
sets. They agree well with the excitation cross sections Oﬁigh values ofm decrease rapidly. Therefore the states of
Hall _et al. [_3]. As for the total cross sections for excitation having higher values dfwith smaller values ofn need to be
and ionization, they are comparable around 100 keV, and thegnsidered for slow collision. It means that the electronic
cloud spreads considerably along the incident direction and
TABLE |. The present cross sections are given in focn?  its distortion in the perpendicular direction is relatively
for the ionization ofp impact and for the electron removal pf ~ small. The negligibility of highm is useful in reducing the
impact, which are calculated by the CC method or by the integra@mount of calculation at low energy, since the computation

B. Partial dependencies in the ionization cross sections

tion method. for slow collision is time consuming owing to the oscillation
— - of exp(Aet)=exp(Aevv-R) in Eq. (6).
p impact p Impact

Energy(keV) CcC Integration CcC Integration 10°

1 1.17 g 107

2 1.26 3

5 1.37 1.80 & 107

10 1.40 107

25 1.39 1.50

50 1.25 1.32 2.70 3.16

100 1.00 1.00 1.44 1.49 FIG. 5. The fraction of partial contributions in the ionization

200 0.68 0.67 0.78 0.78 cross sectiomr;,, at 1 and 100 keV(a) The fraction for each partial

500 0.34 0.34 0.35 0.35 wavel, oy /oig - 1= 2} 0mim - (B) The fraction for each azimuthal
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C. DCS with respect to the electron ejection angle

W lculated the ionizati tion or H USi FIG. 7. The comparison of differential cross sectidwegd 6 for
€ calculate e ionization cross section fpor H using p=+ H collisions for energies 100 keV, 200, and 500 keV, respec-

the integration method in Eq11) for several collision ener- . ) o — ) : .
. . . tively. 6 is the electron ejection anglp.impact: present integration
gies between 5 and 500 keV. The total wave function is . ; ) )
; . L method (—); CDW-EIS model O). p-impact: present integra-
approximated using the CC calculation in the bds)s The tion method ¢ - -): COW-EIS model @)
Coulomb wave function is expanded in terms of partial ' '
waves up td =8. respectively. Her® denotes the electron ejection angle. The
If the wave function with the CC calculation is suffi- DCS of the CDW-EIS model calculated in the present work
ciently exact, the two calculations, namely the CC and thds also included for comparisdi 1]. the cross sections for
integration method, should give the same ionization crosp* impacts become similar with increasing energy, as ex-

sections. The ionization cross sections that were calculategected. The agreement of DCS’s between the present inte-

using the two methods are tabulated in Table |. The t""c?l:‘ation method and the CDW-EIS model is surprising gor
methods revealed a reasonable agreement above 25 ke| Ipact, because the CDW-EIS model is a simple distorted-
however, disagreement is comparably large at 5 keV. Thg,aye method. As for the impact, the DCS's of the integra-
impact-parameter dependence calculated with the integratiofyn method. which include the electron capture, are slightly
method is also included in Fig. 4. The probability for 5 keV |grger for small angles than those of the CDW-EIS model at
is larger than 1 at small impact parameter. On the other hand,ng and 200 keV. The peaks of/d @ for the p impacts are
the CC calculation, in which the unitarity is automatically located at smaller anales than those of Edm acts. The
satisfied, is in good convergence, and its impact-paramete ifference in the DCSg for the ejection angle Fi)s sin."nply ex-
dependence would be reliable even at 5 keV. However, th lained by the postcollision interaction, namely, the interac-

use of such a wave function in the integration method ma.“ﬁon after the projectile passes through the target proton. The

lead to too large of a cross section for low energy, which electrons are pulled in the forward direction for fhémpact
often the case with perturbation methods. Thus the integra- P P

tion method requires higher accuracy for slow collision. ~ @nd pushed back in the opposite direction for ghenpact.
The DCS’s with respect to the electron ejection angles,

are shown in Fig. 6 for the collision energies between 25 and IV. SUMMARY

200 keV. The backward ejections are prominent for lower , — .

energies. The DCS’s in the forward direction are small for 1€ cross sections fqr+H collisions are calculated us-

100 and 200 keV, where the collision velocity is faster thanNd the one-center CC method with pseudostates above 1
the orbital velocity of atomic hydrogen. keV. The total cross sections for excitation and ionization

The electron removal cross sectionpr-H are also in- have shown good convergence in terms of results. The inte-

cluded in Table I to verify the validity of the present integra- 9r@! form for the transition matrix is used to calculate the
tion method for thep impacts. Since the charge-transfer differential cross sections with respect to the ionized electron

channels are neglected in the present CC calculation, th@omentum. The total ionization cross sections of the inte-
wave function is not accurate for energies where the electrofration method are too large at low energies due to the uni-
capture is tolerable in the removal cross section. The contrilfty violation at small impact parameter. It gives reasonable
bution of the electron capture is about 10% in the electrortross sections above 25 keV for thempact and above 100
removal at 100 ke\[10]. keV for thep impact. Owing to the postcollision interaction,
Figure 7 shows the comparison of the DCSdef/d¢ for ~ the electron tends to be ionized in the incident direction for

p* impacts for collision energies 100, 200, and 500 keV,the p impact and emitted in larger angles for tﬁémpact.
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