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Cross sections have been determined for ionization as well as stripping in collisions between protons and
He" ions in the &, 2s, or 3s state for proton energies from 200 keV to 2 MeV using the coupled-Sturmian-
pseudostate approach. Detailed convergence studies are presented. For comparison, and to include neglected
higher partial waves, first Born cross sections are also reported. By using a larger basis, this work extends
earlier calculations that were limited to the Ihitial state[T. G. Winter and S. G. Alston, Phys. Rev.45,
1562(1992]. Further, a correction has been applied to the uneven distribution of Sturmian-generated energies
at the ionization threshold, yielding cross sections much more stable with respect to basis size.

PACS numbdps): 34.50.Fa

I. INTRODUCTION [14], corresponding to a proton energy of 625 keV; the high-
est relevant speed is that of au ion following fusion, 5.83
lonization, as well as electron transfer, in collisions be-a.u.[13].
tween protons and Heions in the ground state has been of ~ The present article considers the process of stripping from
considerable interest both theoretically and experimentallyhe 1s, 2s, or 3s states and encompasses the intermediate
for more than two decades. In the past decade, several ca@nd higher proton energies 200—-2000 keV; at these energies,
culations have been reported on this basic asymmetric collStriPping and ionization will be seen to be almost synony-
sional system and, of these, the coupled-state approaches &&US- _
potentially the more reliable over the largest range of ener- 1hiS work extends the coupled-Sturmian-pseudostate cal-
gies. Extensive coupled-Sturmian-pseudostate calcuIa’[ioncé(;l(;"_t'_onS ﬁf Refs[(lj,z] to the 3 ar;]d 3 l'n't'gl states. In g
were reported in 1990 by Stodden al. [1] and, two years addition, the ground-state process has aiso been re-examine
later, by Winter and Alstof2], the latter authors focusing on W'th. a larger, more .systematlcally Va”ed. ba_ISIS_and with at-
! . ' tention to a correction for the uneven distribution of pseu-
higher energies. More recently, Heneéal. [3] proposed . L -
. L . dostate eigenvalues at the ionization threshold. For each ini-
and applied a doorway approximatidr3] of the time-

d dent ontical potential and E B4 tial state, the results can be benchmarked against the Born
ependent optical potential and Errea an z[4] em- approximation at sufficiently high energies, and the energy
ployed a similar coupled-state approach

. _ includingange of validity of the Born approximation can also be de-
probability-absorber or doorway states, while Ere¢al.[5] lineated.

used a coupled-molecular-state approach with pseudostates. The outline of the paper is as follows. In Sec. II, the

Hose[6] and Brown and Crotherf7] also considered the siyrmian approach will be summarized and the threshold
same collisional system, but for electron transfer only. Thezorrection described. In Sec. IlI, the convergence of cross
largest basis calculation was the single-center calculation ofections with respect to basis size will be presented in detail
Hall, Reading, and ForfB]. These theoretical works on ion- ysing the Born values as reference points, and the largest-
ization and electron transfer from the ground state also cite@asis results will be compared with other available coupled-

earlier theoretical results. The most recent experiments wergate results and experimental results. Atomic units are used
carried out by Wattt al.[9] and Rinnet al. [10], but only  except where otherwise noted.

the earlier measurements of Angalal [11] extended into
the presently considered higher energy range.

Hall et al. [8] also reported coupled-state results for Il. METHOD
=2 initial states. There are no other coupled-state results for
n=2 initial states, and none for more highly excited initial
states. There are no experimental results for any excited ini- Sturmians were introduced in aton(gpecifically, elastic
tial state. e-H ande*-H) scattering theory by Rotenberg in 1965).

These collision processes are not only fundamental bubix years later, Gallaher and Wilets carried over the coupled-
also relevant to understanding nuclear fusion. In muonSturmian approach to ion-atonp{H) scattering 16]. In the
catalyzed fusion, 23% ofvu ions are in an excited state early 1970’s, Reinhardt, Oxtoby, and Rescidd], and co-
following fusion [12], and the strippingtransfer or ioniza- workers successfully applied the Sturmian, or fixed-
tion) cross section in part determines the extent to whichexponent-Laguerre, basis &éH (and othere-atom scatter-
muons are available to catalyze subsequent fugibBls This  ing, while a little later Shakeshaff18] made several
cross section may be scaled to that with electrons rather thannovations working omp-H collisions. The fixed-exponent
muons[13]. Of particular interest ar@-He" collisions in  basis was also applied at that time éeH, scattering by
which the relative velocity is about 5a:611.09< 10" m/s  Winter and Land19] in a limited calculation. In 1982, Win-

A. Background
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ter extended the Sturmian approach to asymmetric ion-atom 60 T
(specifically,p-He" and H&"-H) collisions[20] and later to
other system$21]. In the early 1990s, Bray and Stelbovics 50
[22] and co-workers began extensive, highly successful Stur-¢
mian calculations, first oe-atom scattering with H targets,
and later with many other targets. There have thus been twcy
parallel, somewhat disjoint approaches, one applied tow
e-atom scattering and the other to ion-atom scattering. o 20
The setup of the computational formalism used by Winter &
in ion-atom collisions may be found in R¢R0], and present 10
numerical details are, for the most part, as in R2L], ex-
cept for the threshold correction to be described in the next
section. Whether applied to collisions for which the projec- 6 8 10 12 14 16 18
tile is an electron or an ion, the radial Sturmian basis func- Mrmax
tions are simply exponentiaks™¢" multiplied by polynomi-
als in the radial variable, with ¢ being fixed for a given
angular momenturh Since the polynomials form a complete
set, the_ Sturmians do as welFor a large, two-center bas_is, rection at the ionization threshold.
the set is overly completeln most of Shakeshaft's and Win-
ter's work, ¢ is taken to bez/(I +1), whereZ is the nuclear
charge of a particular center. If the initial state is the ground (6n+1_0)
state(or 2p,3d, etc), this ensures that the initial state can be Ae, |’
represented by a single Sturmian. For simplicity and pro- ) S N ) )
gramming convenience, this is also done in the present Worlgrewously, the total ionization probability was obtained sim-
even though other considered initial states, particulady 3 Py as

40 |

0 "%cm?
(&%)

S

FIG. 1. Cross sections for ionization in collisions between 200-
keV protons and Hg(2s) ions versus size of the Sturmian basis
1Sy, <nNmadSP)ue Without (solid line) and with(dashed linga cor-

dP(ep)
de A€,

will be seen to require many more Sturmians to represent N N-1 —
them. 1Py dP(e) 1
. . Proa= Pi=s ———Ae,t+ >, Ae+ = Py.

Following Rotenberd15], Gallaher and Wilet$16], and i=n+1 2 Ae, iZn+1 de 2

Shakeshaft18], Winter has employed orthogonal Sturmians

with 1/r (i.e., potential weighting, while those of Bray and Thus a correction

Stelbovics are orthogonal without this weighting factor. Al- _

though the former set may be somewhat less well condi- dP(e,) €n+1— 0\ 1Pyiq

tioned in very large calculations of limited accuracy, both oP= de Afn( Ae, >_§ Ae, €n

sets span the same space. To test for numerical difficulties

with the present pseudostate basis of up to principal quantum 1 Pnéni1tPrigey

numbern=18 (larger than used in the past by Wintéor 2 €ni1— €n

eachl, energy eigenvalues have been computed using both

the existingFORTRAN program andvATHEMATICA; the re- must be added t®,y,. This correction is not necessarily
sults are the same to eight digits. In summary, it has nosmall if €,# — €,.1. Bray and Fursd24] have also been
proven necessary to modify the computer program to incoraware of the possible need to include a contribution from
porate the alternate weighting factor for the Sturmian basesegative-energy states in considerglgctrorimpact ioniza-

used here. tion of atoms, but they have noted that the correction is gen-
erally small when the basis is large enough. We have found
B. Threshold correction the correction often to be quite significant, particularly for
. . : the s,p-state contributions to the total ionization cross sec-
Lete, i=1,... N, be the Sturmian-generated eigenval- . P

tion.

As an example of the improvement with this threshold
correction, cross sections are shown in Fig. 1 without and
With the correction for ionization in 200-kep-He" (2s)
collisions obtained with coupled-Sturmian-pseudostate bases
1Sy, <NpafSP)Hes Wheren 4, varies from 6 to 18. It is seen
that the very large, oscillatory basis sensitivity is smoothed
by the threshold correctiof25].

ues of the Hé Hamiltonian for a given angular momentum
[, and letP(¢;)=P; be the probability of a transition to the
ith pseudostate obtained by solving the coupled-scatterin
equations at a given impact paramegeand proton energy
E. The (electronig¢ energy-differential transition probability
for the intervalA e;=¢€; ., — € is [23]

dP(e) _1Pi+Pis
E A€i '

de lll. RESULTS

Supposee,<0 ande,.,>0. Then the correct contribution A. First Born approximation

to the ionization probability from the ionization threshold to  The high energy limit of the ionization cross section is
€,+1IS approximately given by the first Born approximation. For an initias $tate,
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TABLE I. Present first Born cross sections (6 cn?) for the TABLE II. First Born (present, scaled Bates and Griffif2g])
three lowest partial wavesl=0,1,2 for ionization in p and CDW(Igarashi[29]) cross sections (13® cn?) for ionization
+He"(1s, 2s, or 3s) collisions at various proton energiés in p+He"(1s, 2s, or 3s) collisions at proton energies.

E (keV) E (keV)

Initial state | 200 500 1000 2000 Initial state Authors 200 500 1000 2000
1s 0 1.36 0.622 0.322 0.164 1s Present 11.7 6.85 4.03 2.265
1s 1 6.47 3.96 2.45 1.45 1s Bates and Griffing 11.7 6.9 4.0 2.2
1s 2 2.58 1.42 0.775 0.402 1s Igarashi 121 689 399 223
2s 0 5.71 2.37 1.20 0.601 2s Present 64.4 29.6 16.2 8.71
2s 1 22.7 12.6 7.59 4.42 2s Igarashi 63.0 294 16.1 8.74
2s 2 7.11 2.99 1.52 0.764 3s Present 148 65.7 355 18.6
3s 0 12.0 4.88 2.45 1.23 3s Igarashi 148 66.6 36.2 19.1
3s 1 46.3 24.6 14.5 8.27
3s 2 17.1 6.89 3.46 1.73

waves were included. For this initial state, these partial
waves contribute 98—97 % to the total cross section, while
for the 2s and 3 initial states, the corresponding contribu-
integrated Born cross sections have been calculated and plQtons are only 83—87 % and 67—74 %, respectively. Including
ted by Bates and Griffinf26] for collisions between protons g3lso the next four partial wavese., |=0—8 in all) brings
and hydrogen atoms. These cross sections can be scaledf contribution to 99.9—99.5 %, 96.8—97.5 %, and 93—94 %
collisions between protons and ions such as Hi27]. For  for the three respective initial states over the energy range
the 1s, 2s, and 3 as well as other initial states, Igarashi and 200-2000 keV. The extrapolated contribution from partial
Shirai[28,29 have determined cross sections for hydrogeniayaves|>8 has been estimated by assuming they form a
targets such as Heusing the continuum-distorted-wave, geometric sequend®2].
eikonal-initial-state(CDW-EIS) approach. These cross sec-  Shown in Table Il are the present first Born ionization
tions may be expected to agree with the first Born results agross sections along with the scaled Born ionization cross
high energies and improve on them at lower energies.  sections of Bates and Griffif@6] for the 1s initial state and

In a coupled-state approach such as that reported herghe CDW-EIS results of IgarastiR9] for the three initial
ionization probabilities are calculated one impact parametestates. For the d.initial state, the present Born results agree
p at a time and, except for an intractably large basis, arelosely (within 1.6%) with the graphical cross section of
limited to the dominant lower partial wavesor the sake of Bates and Griffing over the full energy range and also
a detailed comparison with their coupled-state results for agwithin 1%) with the CDW-EIS results at proton energies of
initial 1s state, Winter and Alstofi2] calculated the first- at least 500 keV; at 200 keV, the CDW-EIS result is 3%
order Born ionization probability for one value béndp at  higherand would have been assumed to be a slight improve-
a time. Summed overand integrated ovep, these results ment over the Born value except that the coupled-state cross
could then also be checked explicitly against the scaled crossection will be seen to be somewHhastlow the Born cross
sections of Bates and Griffing. section. For the ginitial state, the present Born and CDW-

The Winter-Alston Born calculations have now been ex-EIS results agree very closelwithin 0.8%) at proton ener-
tended to the & and 3 initial states, necessitating the inclu- gies of at least 500 keV. At 200 keV, the CDW-EIS result is
sion of additional partial waves. Following Winter and Al- only 2% lower, while the coupled-state result will be seen to
ston, the calculation is carried out using the formulas for thepe slightly abovethe Born cross section. For thes dnitial
Coulomb wave function and auxiliary functions in Bethe andstate, the difference between the CDW-EIS result and the
Salpetef{30] and Abramowitz and Stegui31]. The ioniza-  present Born result increases from 0.5% to 2.8% as the pro-
tion probability for eacH andp has been obtained by inte- ton energy increases from 200 to 2000 keV. The small dif-
grating numerically over the radial electronic coordinate, ference at higher energies is unphysical and probably reflects
collision time, and continuum electronic energy. This proce-a small numerical inaccuracy in either of the calculations; a
dure is also followed here, but to a generally higher degree ofossible source of error in the present calculation is in the
accuracy: For thed, 2s, and 3 initial states, it is estimated estimate of the non-negligible contribution from partial
that the Born partial cross sections uplte8 are numeri- wavesl>8 for this higher initial statg¢32].
cally accurate to at least 0.1%, 0.1%, and 1%, respectively. Not shown are the first-Born results of Hall al. [8] for

For later comparison withs,p,d-state ionization cross the 1s and X initial states, which can be inferred from their
sections s, p,d-wave Born cross sections are given in Tabletabulated percent differences of their coupled-state results
I. The p partial wave contributes 55-64 %, 35-51 %, andfrom their Born resultgnot explicitly given. For the % and
31-45% to the total Born ionization cross section fa&; 1 2s initial states, their Born values are respectively 1-3%
2s, and 3 initial states, respectively, and this contribution and 10% below the present Born results in the overlapping
increases with increasing energy over the studied proton erenergy range of 200—500 keV.
ergy range 200—2000 keV. In the Winter-Alston Born calcu- The high energy limit of the Born approximation is ob-
lation for the s initial state, only the lowest five partial tained in the Bethe approximatidi33] as Q=aIn(BE)/E
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=a(ln E+b)/E, whereE is the proton’s energy. Using the calculations have been performed with the target-centered
present Born values in Table Il &=1 and 2 MeV to de- states <11(s,p,d)pe, With and without the projectile-

termine the constants andb, we obtain the two-term fit centered function 4. For ionization from a § initial state,
the presence of this functiothecreaseghe ionization cross
Bethe 103 5 5 section by 14%, 6%, and 2% at the proton energies 200, 300,
1s =v—2[|n(v )+1.92ag, and 500 keV, respectively. The effect at a given energy is

smaller when the initial state is excited: For siiflitial state,

— [EIRa\NIOE i ' ; - . the effect is— 3.8% and—0.3% at 200 and 500 keV, respec-
wherev = VE(keV)/25 is the proton's speed in atomic units tively, while for the 3 state, the corresponding effect is

?;g:ao is the Bohr radius. Compare Cohen’s three-term fit™ 0.7 and<0.1%. At 1 or 2 MeV, the effect is=0.1% for

all three initial states. When not negligible, the effect is pri-
marily due simply to the loss of flux to the open electron-
ag. transfer channel rather than indirect coupling. In these cases
one could multiply the effect by a factor of 1.2 to allow for
neglected excited electron-transfer channels, but the results

This fit gives values within 2% of the present Born crossreported here—all of which includesy, in the basis—do not
sections at 1-2 MeV. Both fits lie 3% above the presentgntain this additional correction.

Born values at 500 keV. Cohen’s fit agrees more closely with
the Born value at 200 keV than does the Bethd {itL0%
versus +23%), but the Born approximation itself will be
seen not to be very reliable at this “intermediate energy.” (@) s statesPartial-wave Born cross sections are a conve-
(On the other hand, at high energies of 3—20 MeV, the twaient reference point for coupled-state cross sections and, at

C _
1s

.90 5 8.0
— In(v°)+3.03— —
v v

2. Role of target-centered states

fits agree to within 19%. high energies, a benchmark. Shown in Fig. 2 are differences
For higher excited states, the two-te(Bethe fit can be  from s-wave Born cross sections of ionization cross sections
written in a similar form: obtained with a purelys-state basis<ng,Sc(as well as

1sy) for 1s, 2s, and 3 initial states. All values reported in
Bethe ns 5 this and the following sections are corrected for the uneven
Y 5[IN(Nv)“+ by, distribution of Sturmian-generated electronic energies at the

n (nv) ionization threshold as in Sec. I B. It is seen that, to achieve
where convergence, the more excited the initial state, the larger the
basis needed, but also that the Born limit sets in at lower
a,s,b,s=0.654,3.75, proton energies. For theslinitial state, the converged limit
is significantly different from the Born cross section at the
Aas,bas=0.372,9.24 lowest proton energy, 200 keV. In the converged limit, the

s-state cross section is below the corresponding Born value

using the present Born values in Table IEat 1 and 2 MeV by 12%, 4%, 1%, and 0.6% at proton energies of 200, 500,
to determine the constants,s,b,s. For the % state, the 1000, and 2000 keV, respectively, and this converged
Bethe fit lies above the present Born values by 0.5% angoupleds-state limit is achieved to within an accuracy of
2.6% atE=500 and 200 keV, respectively, whereas for the~0.5% using~10s states.(Note, on the other hand, that
3s state the agreement is only to within 3% and 7%. ffie  With too small a basis, even the sign of the difference is
scaling with principal quantum numberis obeyed classi- Wrong at most energigsfFor the 2 initial state, the differ-
cally [34—37; however, in view of the dependence of the ence from the Born cross section using the largest basis is
coefficientsa,s,b,s and of the graphs o@/n* versusnu 1-3% over the full energy range, while for the 8tate it is
(not shown on n, this scaling for small values af holds  24-25%, and for either state the difference does de-
only qualitatively in the Born approximation; compare Oliv- crease with increasing energy. Fos, 3he large difference
eraet al.[37] on p-H(n) ionization also using the Born ap- indicates that the-wave ionization cross section is not con-
proximation(wheren denotes a principal quantushel). verged. However, as will be seen, this partial wave has only
a small effect on the summed cross section.

Is the need for a large-state basis dictated by the need
for higher-lying positive-energy pseudostates in the basis?
1. Role of projectile-centered states This question is answered by referring to Fig. 3, which

lonization dominates electron transfer and is described byNoWs differences frors-wave Born cross sections of cross
the first Born approximation at high energies. Therefore S€ctions obtained with the base® 5,8 (plus 1sy) formed
only target-centered basis functions are expected to be inflom the basis<18s. Here the overline refers to hydro-
portant to describe it at sufficiently high energies. In thegenic pseudostates formed by diagonalizing thé Hemil-
present calculation, a fairly large target-centered basis hd@nian in the largest-state Sturmian basiss18sy. For
been used, augmented by a single projectile-centered state @ample, the basis: 17s;,c has the highest-lying pseudostate
describe any residual effect of electron transfer on the ioni8sy, removed. For the 4.initial state, thewo highest-lying
ization cross section. To test the importance of this statepseudostates each affect the ionization cross section by

B. Convergence with coupled Sturmian basis
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FIG. 2. Percent differences fromwave Born cross sections FIG. 3. Percent differences fromwave Born cross sections
QBO™ of Sturmian cross sectioi@ versus size of the Sturmian basis QB of Sturmian cross sectiorgg versus size of the Sturmian basis

18,4, <N, for p-He" ionization at the proton energies 200 keV 1S+ <Nmas+e for p-He™ ionization at proton energies 200 keV
(solid line), 500 keV(short dashes 1000 keV(longer dashesand (solid line), 500 keV(short dashes 1000 keV(longer dashesand

2000 keV (longest dashés(a) 1s initial state.(b) 2s initial state. 2000 keV(longest dashes(a) 1s initial state.(b) 2s initial state.
(c) 3s initial state. (c) 3s initial state. The basis used to determine the pseudostates

<n.S by diagonalizing the H& Hamiltonian is<18s.

<0.5% at any proton energy. For the Iitial state, thefive  gome extent taefinethe initial state, since the exponent in
highest states and, for thes 3nitial state, theeight highest  the radials Sturmian functions used hereisZr rather than
states have only this small effect. That is, for theiditial the correct— 1Zr (Z=2 being the target nuclear chajder
state, a large Sturmian basis is not required, as seen in thee 3s state. However, little ionization flux is carried away
preceding paragraph, but once it is formed, only two pseuby higher lying pseudostates obtained by diagonalizing the
dostates17sy, and 18s,,, may be removed from the basis He* Hamiltonian; removing these higher-lying states is thus
after diagonalization for 0.5% accuracy. On the other handjustified and could considerably reduce computing time, but
for the 3s initial state, a largeswave basis of at least 18 this has not been done here.

Sturmians is required, but once it is formed, many pseu- (b) s and p statesShown in Fig. 4 are differences from
dostates may be removed. The large basis is required t§p-wave Born cross sections of ionization cross sections
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FIG. 4. Percent differences frosjp-wave Born cross sections
QB of Sturmian cross sectior@ versus size of the Sturmian basis
1Sy ,<Nma{SP)ue for p-He' ionization at proton energies 200 keV
(solid line), 500 keV(short dashes 1000 keV(longer dashesand
2000 keV (longest dashes(a) 1s initial state.(b) 2s initial state.
(c) 3s initial state.

obtained with a purel, p-state basess n,,,(S,p)ue(@s well

as 1sy) for 1s, 2s, and 3 initial states. Qualitatively, the
same conclusions hold as for arstate basis: To achieve
convergence, it takes a larger basis, but the Born limit sets

PHYSICAL REVIEW A61 052709

at proton energies of 200, 500, 1000, and 2000 keV, respec-
tively, and the converged coupled-state limit is achieved to
within an accuracy of 1% with the basis10(s,p)ye. For
the 2s initial state, the difference of the largestp-basis
result from the Born cross section 4%, 3%, 2%, and 1%
at proton energies of 200, 500, 1000, and 2000 keV, respec-
tively, while for the 3 state it is+12%, 8%, 7%, and 7% at
corresponding energies. These differences from the partial-
wave Born cross section are generally smaller than those for
swaves only, significantly smaller in the case of siBitial
state, for which the 7—8 % difference at the higher energies
probably reflects the extent of basis nonconvergence rather
than a failing of the Born approximation.

Could thes,p basis be reduced after diagonalizing the

He" Hamiltonian by removing some of the higher-lyirp_g

pseudostates, as well Espseudostates, as might have been
done for the purelys-state basis of the preceding section?

The answer is that there are fewer higher-lyipgpseu-
dostates, so less is to be gained.

(c) s, p, and d stateslo included states as well in the
Sturmian basis, two approaches have been taken. First, these
states have been fully coupled to thandp states. However,
the present program limited this calculation to at most the 59
Sturmians %,,,<11(s,p,d)4e. To extend the basis further, a
second approach has been taken. Following Winter and Al-
ston, thed ionization cross section was merely added to the
fully coupled s,p cross section: thel states were coupled
only to 1sy and sy, pseudostates up to the initial state
ns—i.e., the basessl;, <(ns,Nmad)pe. In this basis, the
2s and 3s pseudostates here have originally been obtained
by diagonalizing the He Hamiltonian with the limited basis
=<12s, which is not very accurate f@s; the final form,3s’,
used in the next section is obtained with the basis7s.
Shown in Fig. 5 for only theas=1s and X initial states are
differences froms,p,d-wave Born cross sections of ioniza-
tion cross sections with fully coupled,p,d states, and
shown in Fig. 6 for thens=1s, 2s, and 3 initial states are
differences froms,p,d-wave Born cross sections of ioniza-
tion cross sections obtained by adding cross sections with the
separatebases & ,<Ny(SP)he @and ISy, <(NS,Npa)He-

For the Is initial state, as the fully couples,p,d basis is
increased, the differences from tlgp,d-wave Born cross
section in Fig. Ba) decrease in magnitude monotonically to
2-4% using the largest, 59-state basgg =11(s,p,d)pe
over the full energy range. For this same initial state, as the
separatelycoupleds,p,d basis is increased, the differences
from the Born cross section in Fig.(@® also decrease in
magnitude monotonically, here to 15% at 200 keV and
<0.9% atE=500 keV with the largest, “101-state” sepa-
rately coupled basisg],,<18(s,p,d) e as described above.
The coupled-state cross sections with both types of bases are
ibelowthe Born cross section at all energies. With the excep-

at lower energies, the more excited the initial state is. Theion of the lowest energy, the separately coupled basis has
converged limit is significantly different from the Born cross smaller differences from the Born cross section than does the

section at the lowest energy, 200 keV, for theiditial state:

fully coupled basis, owing to its greater size, and may be

The largest-basis, p-state cross section differs from the cor- considered more fully converged. Cross sections with the

responding Born value by 11%, +0.7%, 0.8%, and 0.2%

same size basis, the fully coupled 59-state and the separately
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FIG. 5. Percent differences fromp,d-wave Born cross sec- 125 T T T T T T T
tions QB°™M of Sturmian cross sectiorgd versus size of the Sturmian =
basis B, ,<nNm{Sp.d)ye for p-He" ionization at the proton ener- § 100 -
gies 200 keMsolid ling), 500 keV(short dashes1000 keV(longer o
dashey and 2000 keMlongest dashgs(a) 1s initial state.(b) 2s E' 75 |
initial state. 20
<
coupled “59-state” bases, differ by only 0.4% at the highest C“;” 50
energy. The situation at the lowest energy is unclear: Result: 5
with the same size bases differ by 15%. The cross sectior@ 25 |-
with the largest “101-state” basis,sl;,<18(s,p,d) e, has
1 1 | 1 | |

been noted to be 15% below the Born result, while that with '
the largest fully coupled 59-state basis, syl 10 12 14 16
<11(s,p,d) ye, is only 2% below the Born result. Since the Ninax
Born cross section may not be reliable at this “intermediate - b dift ¢ q B
energy,” the “101-state” result, having the larger difference i G'Bg;, feg:tent dierences f°t!$‘p’ “wave born cfrotis Stec'
from the Born value, may in fact be the better one. In the''°Ns Q™" of Sturmian Cross sec lon@ versus size of the two
. .separately coupled Sturmian bases, <N .{SP)ne and Isy,
next section, when coupled-state results are compared wni men for b-He" ionization at brofon enerdies 200 keV
those of others, two sets of coupled-Sturmian results arg (NSMmare for p B g
. s . . ?sohd line), 500 keV(short dashes 1000 keV(longer dashes and
given if it is not clear which one is better. = o —=
ey . 2000 keV (longest dashes (a) ns=1s initial state.(b) ns=2s
For the & initial state, as the fully couples,p,d basis is initial state. (c) ns—3s initial state. Here the basi d to deter
increased, the differences from tkgp,d-wave Born cross ha tiae' € g S; ts —S Za e T.? fh alisrésl—lljse'lt o deter-
section in Fig. 5b decrease t62.2%, 1.8%, 1.3%, and 0.6% ElieIZSe pseudostatesns by diagonalizing the amiftonian
at energies of 200, 500, 1000, and 2000 keV, respectively; ~~
with the largest 59-state basiss L, <11(s,p,d)y.. For this  bases may reflect a small but real improvement over the
same initial state with separatgep, andd coupling, cross Born approximation. Cross sections with the same size basis,
sections with the largest “95-state” basis, sy, the fully coupled 59-state and the separately coupled “59-
=<17(s,p,d)e , differ from the Born cross sections in Fig. state” bases, differ by only 0.4% at the highest energy, as for
6(b) by +1.2%, 1.9%, 1.2%, and 0.6% at these respectivehe 1s initial state, and by at most 0.7% at any energy. In-
energies. FOE=500 keV, the almost identical differences deed, the two sets of results differ only slightly for all bases
from the Born cross sections with either of the two largestof the same size.
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TABLE lIl. Coupled-state and Born-extrapolated cross sections {L@n?) for ionization and stripping irp+He" (1s) collisions at
various proton energieis.

lonization Electron Stripping
Coupled Coupled
E Number Proton Helium Coupled Born state transfer state
(keV) of functions center center state ext +Born +Born
200 59 S <11(s,p,d) 10.20 1.33 11.5 1.8 13.3
200 “101” 1s <18(s,p,d) 8.88 1.33 10.2 2.1 12.3
200 364 I=0-6 0.0 14.9
200 2@ 12.9 17.8
300 5F <8(s,p) <(12s,8p,3d) 7.92 0.6 8.5
300 59 S <11(s,p,d) 8.41 1.16 9.57 0.47 10.0
300 “101” 1s <18(s,p,d) 7.97 1.16 9.14 0.56 9.7
300 364 |=0-6 0.1 10.8
300 20 10.3 12.3
500 “101” 1s <18(s,p,d) 5.95 0.85 6.80 0.08 6.88
500 364 I=0-6 0.06 7.08
500 20 6.8 7.7
500 2@ 7.2 7.8
625 “101” 1s <18(s,p,d) 5.08 0.72 5.80 5.8
700 “101” 1s <18(s,p,d) 4.66 0.66 5.32 5.3
700 20 5.7
750 5F <8(s,p) <(12s,8p,3d) 4.66 4.68
750 “101" 1s <18(s,p,d) 4.42 0.62 5.04 5.0
1000 “101” 1s <18(s,p,d) 3.53 0.49 4.02 4.0
1000 26 4.0 4.4
1000 28 4.0 4.0
2000 “101” 1s <18(s,p,d) 2.00 0.25 2.25

Finite-Hilbert set of Hallet al. [8].

®Atomic plus probability-absorber states of Errea andcbaz[4].
¢Sturmian functions of Stoddest al. [1].

datomic plusR-space states of Henret al. [3].

For the % initial state, only results with the single fully differences are actually smaller than the differences from the
coupled basis, the largest 59-state basissy,1 s,p-wave Born cross sections of Sturmian cross sections
=<11(s,p,d)ne, have been compared with the Born results.without d states, but the same numbersoiind p states.
Differences(not shown in Fig. bare large: a factor of 1.94,

2.09, 2.19, and 2.26 at energies 200, 500, 1000, and 2000

keV, respectively. On the other hand, for this same initial C. Comparison with other coupled-state results

state withs,p coupling separate frord coupling, cross sec-
tions with the largest “95-state” basis, sj,
<17(s,p,d) e , differ in Fig. 6c) from the s,p,d-wave Shown in Table Il are coupled-state cross sections for
Born cross sections by-13%, 11%, 9%, and 9% at 200, ionization in collisions between 200—2000 keV protons and
500, 1000, and 2000 keV, respectively. The “95-state” crossHe™ (1s) ions. For proton energieg<300 keV, two sets of
section is actually a sum of the cross sections using the sep&turmian results are presented since, as discussed in Sec.
rate bases g,<17(s,p)ne and Isy,<(3s,17d)ye, Where [1IB2 (c), neither set isa priori judged superior(l) The

the pseudostates 3s are those with the lowest three eigen- results of a 59-state calculation with the basisy 1
values obtained using the limited basisl?s. This basis is <11(s,p,d)y. and(2) the results obtained by separately us-
not very reliable for3s. The pseudostate is significantly im- ing the basesd,,<18(s,p)ye and sy, (1s,<18d) to ob-
proved to3s’ by enlarging the basis ts17s. At the same tain a “101-state” result with the composite basis]

time, thed basis has been slightly reduced, leading to a<18(s,p,d)ne. For E=500 keV, the “101-state” basis is
modified basis &,,<(3s’,15d),. and a significantly im- deemed better, and only results with it are shown. To make
proved composite basis of “89 states” s, clearer the comparison with other coupled-state results, a
<(17(s,p),15d) 4. The “89-state” cross sections lie only contribution from neglected partial waves is extrapolated us-
7%, 6%, 5%, and 5% above tlsgp,d-wave Born cross sec- ing the Born approximation as described in Sec. Il A; these
tions at 200, 500, 1000, and 2000 keV, respectively. Thesextrapolated results are also shown in Table Ill. Using the

1. Ground state
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TABLE IV. Coupled-state and Born-extrapolated cross sections L@n?) for ionization and stripping
in p+He" (2s) collisions at various proton energies

lonization Electron  Stripping
Coupled Coupled
E Number Proton Helium Coupled  Born state transfer state
(keV) of functions  center center state ext +Born +Born
200 59 IS <11(s,p,d) 36.3 28.8 65.1 0.9 66.0
200 “95” 1s <17(s,p,d) 35.9 28.8 64.7 0.9 65.6
200 364% I=0-6 4.5 59.4
300 59 - <11(s,p,d) 27.2 19.4 46.6 0.2 46.8
300 “95” 1s <17(s,p,d) 27.1 19.4 46.5 0.2 46.7
300 364% I=0-6 3.1 415
500 59 - <1i(s,p,d) 18.3 11.7 30.0 0.0 30.0
500 “95” 1s <17(s,p,d) 18.3 11.7 30.0 0.0 30.0
500 3642 I=0-6 1.9 26.5
625 59 IS <11(s,p,d) 15.3 9.3 24.6
625 “95” 1s <17(s,p,d) 15.3 9.3 24.6
1000 59 S <11(s,p,d) 10.4 5.8 16.2
1000 “95” 1s <17(s,p,d) 10.4 5.8 16.2
2000 59 S <11(s,p,d) 5.82 2.92 8.74
2000 “95” 1s <17(s,p,d) 5.82 2.92 8.74

Finite-Hilbert set of Hallet al. [8].

Born approximation to include neglected partial waves iserance in integrating equations over time, stated te<i3&6
sometimes referred to as the Kummer transformatiorat these energies.
[38,39. Also shown in Table Il are results for both ionization and
Also shown in the table are the 51-Sturmian-pseudostatstripping extracted from the graphs of the results of two
results of Stoddenetal. [1] using the 5l-state basis si,milar calculations: those of Henm al. [3] and Errea and
<8(s,p)y,=<(12s,8p,3d) 4e. At 300 keV, the present unex- Sanchez[4], both obtained using a single-center basis of 10
trapolated “101-state” result lies within 0.6% of theirs, He" states and 10 additional states which are intended to
while at 750 keV the “101-state” result without and with a SPan the main part of the contributing space not included
Born extrapolation for higher partial waves brackets the reWith the first 10 states. The additional states of Heanal.
sult of Stoddenet al. by —5% and +8%: the projectile- areR-space states in a doorway approximation to the optical
centered states in the 51-state basis should be of negligib otential; those of Errea and izhez are other probability-

importance at this high energy except to compensate for th? sorber states or doorway states. T_he ionization cross sec-
e . jons of Henneet al. agree closely with the present Born-
deficiency of its target-centered part.

extrapolated coupled-state results at the overlapping energies
Also shown are the coupled-state results of ealal. [8] - e :
of 500 and 1000 keV, while their stripping cross sections are
determined folE = 200-500 keMand lower energigswith a pping

_ - 7 about 10% above the present results at these energies. The
very large, single-center basis: the 364 stéteainting con-  ionization cross sections of Errea anch8aez are 12—26 %,

tributing m sublevel$ <(13s,14p, ... ,19) (i.e., for each g 1304 and 6% above the present Born-extrapolated results
angular momenturh<6, the basis label being the principal 5t E=200, 300, and 500 keV, respectively; without the Born
quantum numbem=1+1 in our notatiof. The present extrapolation in the present results, these differences would
coupled-state bases only include states Wi2, and so pe larger. At these energies, the differences for stripping are
have a more significant Born extrapolation for higher partiallarger than for ionization[However, the graphically pre-
waves. On the other hand, since theirs is a single-center baented results of Errea andrf8aez for ionization, capture
sis, Hall et al. could only determine the strippin@lectron-  (not shown herg and stripping are numerically inconsistent
remova) cross section; a small contribution from electronat the lower energies At 700 and 1000 keV, the results
transfer at these energies is therefore added to the presexgree within 2%. Not shown are the molecular-state results
results to compare with their stripping cross sections. It iof Erreaet al. [5] for ionization and stripping at the single
seen that the stripping cross sections of Hulbl. are 12—  overlapping energy of 200 keV; their result for ionization
21%, 8-11%, and 3% above the present resultsEat agrees with our extrapolated “101-state” result.

=200, 300, and 500 keV, respectively. At the lower ener-
gies, particularly 300 keV, the difference appears to exceed
the estimated uncertainty in the present calculation. At 500 Shown in Table IV are coupled-state cross sections for
keV, the difference may possibly be explained by their tol-ionization in collisions between 200—-2000 keV protons and

2. 2s state
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TABLE V. Coupled-state and Born-extrapolated cross sections
(10718 cnP) for ionization in p+He" (3s) collisions at various
proton energieE. The results are obtained with an “89-state”
1sy, <(17(s,p),15d) . basis. E
E Coupled Born Coupled state ?_’,
(keV) state extrapolation Born extrapolation 5
'_
200 81 73 154 g
500 38 29 68 2
625 32 23 55 ©
1000 21 15 36 ©
2000 12 7 19
10° , . ————
102 103
He" (2s) ions. Unlike for the % initial state, results with the PROTON ENERGY (keV)

59-state, fully coupled basiss},<11(s,p,d) e agree very
closely(to within at least 1% with those using the compos-
ite basis, here the “95-state” basisl,<17(s,p,d) e and,
within the s,p,d manifold, both sets of results may be con-

FIG. 7. Cross sections for strippiriglectron removalin colli-
sions between protons and Hds, 2s, or 3s) ions. The lower,
middle, and upper results are fors,2s, and 3, respectively.

. k . Coupled-state results: solid curve, average of the best present Stur-
sidered converged, as discussed in Sec. I1(82After es- mian results; dash-dotted curve, the largest-basis Sturmian results

timating the_significant contribution_ fro_m higher partial ¢ stoddenet al. [1] (1s): crosses, plus signs, Hadt al. [8]
waves and including a small contribution from electron ;g os), without and with Born extrapolation, respectively; dashed
transfer, these results may be compared with the only othfyrve, Errea and Shez[4] (1s); triangles, Hennet al. [3] (1s).
available coupled-state results, those of Halbl. [8] for E Experimental results (&): diamonds, Rinnet al. [10]; squares,
=200-500 keV(and lower energigs It is seen that their wattset al.[9]; circles, Angelet al.[11].

Born-extrapolated stripping cross sections lie 9-12 % below

the present Born-extrapolated results at all energies. We can-
not explain this discrepancy, particularly BEt=500 keV, coupled-state results of Hadlt al. [8] (for 1s,2s), Henne

since our results appear to be convergedifen,1,2 and ©tal-[3] and Errea and 3ahez[4] (for 1s). The experi-

since the Born approximation should be reliable for estimat-mem":ll results of Wattet al. [9], Rinnet al.[10], and Angel

ing the(significan} contribution from higher partial waves at €t al [11] for 1s are given with estimated total error limits
this energy. (random plus systematic errgrsTo get a fuller picture,

available results are shown down to 100 keV, although the
3. 3s state present results are f&E=200 keV only; the ¥ stripping
, . cross section actually peaks at a somewhat lower energy than
_Shown in Table V are coupled-state cross sections fof,at shown, owing to the dominant contribution from elec-
lonization (and stripping n collisions between 200-2000 o, yransfer there. Also shown for completeness are the ear-
keV protons and He(3s) ions. Al reported coupled-state lier Sturmian results of Stoddest al.[1] extending to lower

ia(lis(ss a)re15\(/jv)|th tggscr?t?égt?r:eSegorl?lp; ;t)ear?gs.f;*‘i d energies using a larger projectile-centered basis but a smaller
- D), He ' judg target-centered one. It is seen that up to 300 keV, the experi-

to be the most converged in view of the comparison with -
Born results at the higher energies. The present Born|:nental results for stripping from theslkstate appear to favor
he present results and those of Hatl al. over those of

extrapolated coupled-state results are estimated to be accl | ‘sgh K I th
rate to 5%. At the higher energies, the full Born results giverf €Nneet al. and Errea and $&hez. Above 300 keV, all the

in Sec. Il A are probably still more reliable. Cross sectionsth€oretical results lie above the upper error limit of the ex-
in Table V may also be considered to be stripping cros€rimental cross section.

sections, since electron transfer has been shown to contribute

negligibly (<1%) at the tabulated energies. There do not V. CONCLUSION

appear to be any other coupled-state results for himigal

state The first Born approximation is a benchmark for coupled-

state ionization cross sections at higher energies. By gradu-
D. Comparison with experimental results ally enlarging the coupled-Sturmian-pseudostate basis over a

At higher intermediate energies, experiments have geneide range and comparing the successive cross sections to
ally measured total H& production(stripping rather than the high-energyBorn) limit, their accuracy and, at higher
ionization separated from the smaller electron-transfer comintermediate energies, the extent to which the Born approxi-
ponent. Therefore, stripping rather than ionization cross sednation fails, have been determined. Within #)p,d target-
tions are compared with experimental results in Fig. 7.centered manifolfaugmented by a single projectile-centered
Shown are the average of the best present coupled-Sturmiatate, coupled-Sturmian cross sections are estimated to be
cross sections fop-He" (1s,2s,3s) collisions along with the  converged to 1% for thesland 2 initial states and 5% for
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the 3s initial state, except for 4 at proton energieE
=300 keV. Contributions from higher partial waves=(2)
have been included by means of the Born approximation.

Disagreement with other existing coupled-state results for

1s and X is, for the most part=10%. Where there is dis-

PHYSICAL REVIEW A 61 052709

experimental results for theslstate at higher energids
=500 keV, and for the & and 3 states at all energies.
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