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We have computed direct and charge-exchange excitation cross sections for (a) He2+-

H(ls) colhsions at projectile energies 1 —20 keV, and for (b} H+-He+(1s} collisions at c.m.

energies 1.6 to 8 keV, using the close-coupling method with HeH2+ molecular states as

basis and electron translation-factor corrections based on molecular-state switching func-

tions. Basis sets with up to 10 and 12 molecular states have been used, and good conver-

gence of results as a function of basis size is found. The results are compared with recent

theoretical calculations of Winter, Lane, and Hatton and with experimental values. For

process (a) total charge-transfer cross sections are in generally good agreement with those

found by Winter et a1. using Bates-McCarroll translation factors and, less quantitatively,

so are individual state cross sections for He (2s,2po, 2p+1). For, process (b) significant

differences with the results of Winter et al. are found; these appear to be traceable to the

diferent treatments of the electron translational factors used. Charge-transfer cross sec-

tions of Winter, Hatton, and Lane [Phys. Rev. A 22, 930 (1980)] are 14—32% higher

than those found here using comparable basis sets, and individual state cross sections for

direct excitation to He+(2s, 2p0,2p+1) are also systematically larger than ours (by as much

as a factor of 2 in some cases), although values for individual states are only poorly con-

verged in both calculations. Very good agreement is found in all cases with recent experi-

mental measurements.

I. INTRODUCTION

It is now widely recognized that calculations em-

ploying molecular-state basis functions are the

most appropriate theoretical approach to ion-atom

collisions at low to intermediate energies. Howev-

er, applications have been complicated by difficul-

ties and ambiguities, mostly associated with the ef-

fects of electron translation factors (ETF's), which

are overlooked by the usual perturbed-stationary-

states method; the true validity of the molecular-

state approach has been partly obscured by un-

physical predictions arising from this defect of
perturbed-stationary-state (PSS) theory. Careful

studies on prototype systems are therefore still use-

ful to establish the domain of validity.

The one-electron HeH + collision system is one

such prototype, for which a number of thmreti-

cal, ' as well as experimental, ' studies have

been made. Pioneering work by Piacentini and Sa-
lin' on charge transfer in He +-H(1s) collisions

was followed by an extensive benchmark study of
%'inter and Lane, who included up to 20 molecu-

lar states and examined convergence of the results

as function of basis size. In both these calculations

the proton was taken as reference origin for the

electron, and, as in PSS theory, translation factor
effects were entirely neglected. %'inter and
Hatton@"@ ' have studied the same problem, but in-

cluding a description of ETF effects; they used
"plane-wave" translation factors as defined by
Bates and McCarroll. ' Their results show that
translation factor effects are important: Total
charge-transfer cross sections show much more ra-

pid convergence with increasing basis size, and the
"converged" results are 7—30% larger than those

of %inter and Lane. Finally, %'inter, Hatton, and

Lane have carried out a study of charge transfer

and direct excitation in H+-He+(ls) collisions,

again using Bates-McCarroll ETF's.
Bates-McCarroll ETF's are appropriate for one-

center (atomic) functions. In an asymmetric sys-

tem like HeH +, each molecular state is correlated
asymptotically (R~ao) to a single atomic state;
hence associating the corresponding Bates-
McCarroll ETF for that center with the molcx:ular

state (as was done in Refs. 4 and 5) will ensure

translational invariance of the results and remove

all asymptotic defects of the PSS method. Howev-

er, in a molecular state which may have two-center
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character, a single-center ETF is inappropriate, and
its use may lead to incorrect couplings and cross
sections. In HeH +, some of the states (e.g., iso,
2pn} are "He+-like" at essentially all internuclear
separations, but others —primarily those asymptoti-
cally correlating to H(ni) (e.g, 2po)—have substan-
tial two-center character at smaller 8 values where
coupling occurs.

Thorson and Delos' have shown that a rigorous
description of ETF efFects appropriate to molecular
states can be formulated using switching func-
tions ' in eAect, a switching function describes
electron translation as a local function of electron
position with the molecule. That such detailed
descriptions of ETF efFects are sometimes neces-
sary has been illustrated clearly in studies of cou-
plings to continuum states. '

Vaaben and Taulbjerg have reported a study of
charge exchange in He +-H{ls) collisions using
ETF's based on a switching function; their switch-
ing function is the same for all the molecular stares
and is derived from arguments based on the molec-
ular Hamiltonian. ' Their reported values for total
charge-exchange cross sections are 50% smaller
than those reported by Winter and Hatton ' at
lower energies, and they also report a more rapid
convergence. However, (a} we have performed a
three-state calculation using their switching func-
tion at 1 keV, and obtain a result in good agree-
ment with those reported in Refs. 3 and 4 and with
those we have found here (see Sec. III), (b) there is
a great deal of evidence' ' ' suggesting that
different switching functions should be used for
difFerent molecular states. Delos and Thorson
have extended their formulation to allow for this
possibility (within a classical trajectory treatment
of collisions; a fully quantum mechanical formula-
tion has recently been given by Delos ).

Recently, Thorson et a/. have shown that
analytical switching functions can be derived from
a two-center decomposition of the exact molecular
states of H2+, and that these switching functions
are in quantitatiue agreement with those found ear-
lier by Rankin and Thorson using a heuristic
"optimization" of continuum couplings. [We have
used these switching functions to perform cross-
section calculations for H+-H(1s) collisions (1—7
keV), and our results show improved agreement
with available recent experiments (relative to previ-
ous calculations). ] The same ideas may be extend-
ed to an asymmetric system such as the HeH +
system . For states with recognizable two-center
character (e.g., 2pcr, 3dcr, 3drr, etc.) the analytically

derived switching functions are in reasonable
(though less quantitative} agreement with those
found by optimization studies of both continuum
and discrete couplings; the coupling matrix Iele-

ments obtained by the two methods are in quanti-
tative agreement ( & 2% discrepancies at peak max-
ima). The switching functions used have the form

f„=t anh[P„R(ri —ri„)],

where ri= (r„—rs)iR is the "angle" variable of
prolate spheroidal coordinates and P„(R), ri„(R) are
8-dependent parameters characteristic of the
molecular state n. In the studies reported here we
have used parameters found by the optimization
scheme (see Table I; cf. also Ref. 26).

Using these switching functions we have per-
formed coupled molecular-state calculations of
direct and charge-exchange cross sections for the
followjng colljsjon processes jn the HeH + system:

(a) He +-H(ls) collisions for projectile energies
1 —20 keV, using up to 12 molecular states;

(b) H+-He+(ls) collisions for relative (c.m. ) ener-
gies 1 —8 keV, using up to 10 molecular states;

Our results may be compared with those of
Winter and Hatton " ' [process (a)] and Winter,
Hatton, and Lane [process {b)],and with recent
experimental values. ' A brief summary of the
main points is as follows.

,(1) For process (a), total charge-transfer cross
sections (Table III) and less quantitatively, indivi-
dual state cross sections, arc in generally good
agreement with those of %inter and Hatton, and
converge somewhat more rapidly as a function of
basis size, especially at low energies.

(2} For process (b), total charge-transfer cross
sections are only in fair agreement with those of
Winter et a/. ; the latter are 14—32% larger than
our values for comparable basis sets (five-state and
ten-state bases). The values reported by Winter
et a/. for individual state cross sections for direct
excitation to He+(2s, 2po, 2@+~) are also systemati-
cally larger than ours (as much as a factor of 2 in
some cases}. The difFerences are traceable to difer-
rences in the treatment of ETF efFects and the
resulting coupling matrix elements.

(3) Good agreement is found with available
experimental values in all cases.

Section II gives a brief account of the method
used. Results for He +-H(1s) collisions are dis-
cussed in Sec. III and those for H+-He+(ls) col-
lisions in Sec. IV.

I
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TABLE I. HeH + switching function parameters P„, i)„,f„(r,R) =tanh[P„R (i)—i)„)].

State Parameter 2.0 4.0 6.0
R (a.u. )

8.0 10.0 12.0

1$cJ

2pa

2p 77

P

ft

fI

0.844
0.952
0.554
1.84
0.411
0.732
0.364
1.37
0.232
1.83

0.918
0.885
0.548
1.46
0.361
0.278
0.371
0.970
0.257
0.724

0.948
0.894
0.541
1.33
0.341
0.076
0.392
0.878
0.266
0.513

0.964
0.896
0.539
1.25
0.328

—0.145
0.423
0.798
0.274
0.484

0.973
0.906
0.537
1.19
0.322

—0.226
0.437
0.828
0.282
0.485

0.975
1.02
0.533
1.17
0.325

—0.332
0.448
0.837
0.286
0.506

II. DETAILS OF METHOD

Assuming nuclear motion is described classically by R(t), we solve the resulting time-dependent

Schrodinger equation for the electron; the state vector is expanded in an ETF-modified molecular-state basis,

lm l
%(r;t) = g„a„(t)P„(r;R(t))exp

™v. rf„(r;R) exp —— e„(t')~ dt'
8

(2)

Here v =dR/dt is the relative nuclear velocity, and P„ir;R) are the molecular eigenstates of the electronic
Hamiltonian H,i( r;R),

H,i(r;R}$„(r;R)=E„(r}P„(r;R),

which depend parametrically on R. [In Eq. (2), the reference origin for electron coordinates r is the

geometric center, not the center of mass of the nuclei; with respect to this point the nuclei have velocities
+ —,v, respectively. ] Substituting Eq. (2} in the Schrodinger equation, multiplying by

Pkexp[ (im/2')v rfk—],
and integrating over electron coordinates yields coupled equations for the coefficients a„(t); after expanding
in powers of velocity v, one obtains

ifaik(t) = g v.(P+A)k„a„(t)exp ——f (e„ek)dt'—
n+k fi

(4)

to first order in v, where

Pk„—&(()k
I

—t&V„
I 0„&

with

Ak (™/+)t'IlkI [~.l s ] ~4'

=(i' /irt)(ek '4 }'(fk
I
s. I 0. &

s„=—,f„(r;R)r.
We have tested the accuracy of the first-order

(5)

(sb)

(Sc)

(5d)

equations for this problem by computing individual
state probabilities for process (a) at 20 keV (4 keV
in c.m. frame) and a number of impact parameters,
with the four-state basis (2po., 2p~, 3do. , 2so.), us-
ing coupled equations accurate to second order in
velocity [these equations are given in Eq. (4) of
Ref. 25]. The results change by at most 1% in all
cases. [We have not made tests for process (b) at
the higher energy of 8 keV (c.m. system); however,
we have found from extensive second-order calcula-
tions in the H+-H(1s) collision system, where the
second-order effects are significant, that the
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second-order effects increase in roughly linear
fashion with increasing energy. This suggests that
errors of about 2% in individual state probabilities

may be expected due to neglect of second-order
terms in process (b) at 8 keV.]

We used straight-line trajectories R(t), since it
was found in Refs. 3—5 that this is a reasonable

approximation, with at most 8% error at 1 keV.
The couplings may be divided into radial and

angular parts,

v (P+A),„=R(P"+A")k„+RH(P'~A )»,

-1D

OC

I]}

CO

c -1.5

8

where -2Q

8
BR

(7a)

—1= —i@@„—ek )

-2.5

are the usual (uncorrected) radial- and angular-

coupling matrix elements in PSS theory (L„ is the

electronic angular-momentum component perpen-

dicular to the collision plane, relative to the

geometric center). The ETF corrections A p are
given, respectively, by the components of (5c}
parallel and perpendicular to R. We employed
switching functions of the form of Eq. (1); the
parameters P„,r}„were determined by the optimi-0

zation studies described earher ' '; their values
for 1scr, 2so, 2pcr, 3do, and 2pm states are given ia
Table I.

Exact molecular eigenstates P„and eigenvalues

e„(R) were generated by. the method of Bates and
Carson. Coupling matrix elements were evaluat-
ed using Gauss-Legendre and Gauss-Laguerre qua-
dratures with relative errors & 1X10

Figure 1 shows e„(R}versus R for 22 molecular
states of HeH +. In Table II are listed basis sets
used. For process (a), most calculations were done
using the four- and ten-state bases; for process (b),
the five- and ten-state bases were used. The 12-
state set was used to make some checks on conver-
gence of the total charge-transfer cross sections and
for some studies of excitation probabilities [espe-
cially H(n =2}levels] at selected energies and im-
pact parameters.

Our ten-state basis differs from that employed in
Refs. 4 and 5; we have deleted the states 3scr, 3d5

8 20 30
Interreclear SeParation [a0)

FIG. 1. Electronic energy e„(R) (in Ry) versus R, for
22 molecular states of HeH2+.

and added the states 4do, 4fmr, which correspond
asymptotically to H(n=2} + He +. Reasons for
this choice were that (a} it appears from Ref. 4,
and also from our own preliminary studies, that
the states 3scr and 3d5 play a relatively insignifi-

cant part in the processes studied, and (b) inclusion

of 4do and 4frr allows us to make some estimate
of charge transfer to H(n =2}levels in process (b).

Taking ak( —ao )=5k ~, where "1"designates the
initial state, final amplitudes ag, (+ 00 ') were com-
puted by numerical integration of Eq. (4) for a suit-
able range of impact parameters; we used the
method of Bulirsch and Stoer, with a relative
truncation error automatically maintained between
1)(10 and 1 p 10 . Conservation of probability
was maintained to within 1X10 —1X10 . The
probability of excitation to the molecular state k is

Pk(E p) =
I
&k(+ ~;p) I

'

and the corresponding integrated cross section is

Qk (E}=2'n J p dp Pk (&,p ) .

Asymptotic couplings. Within an asymptotically
degenerate atomic manifold —such as the He+
(n =2) manifold of 2so, 3do., and 2p~ state a
long-range-coupling problem arises which we found
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TABLE II. HeH + molecular-state basis sets for He +-H(ls) and H+-He+(1s) collisions.

Numbers of states
in basis Basis states

Limiting
atomic levels

10

12

2p cJ

2p 7T,3d CT

as above, plus
2$ cT

as above, plus
1scr

as above, plus

3p &,3p 7T,3d 7T

4do, 4frr

as above, plus

4frr

Sgo.

H(1s) + He2+

H++ He+(n=2)

H+ + He+(n=2)

H+ + He+(1s)

H+ + He+(n=3)
H(n=2) + He2+

H+ + He+(n=3)
H(n=2) + He2+

convenient to treat separately. The two hybrid (sp}
o states are linked to 2pm by Coriolis coupling and
to each other by radial coupling. Neither R or t is
a suitable progress variable, since both couplings
and splittings decrease only as R . For R & 16
a.u. both couplings and splittings can be accurately
modeled by analytical perturbation expressions, and
using the action variable

as progress variable the problem may be solved
very efficiently. Its solution generates a three-state
propagator U( ac go) which converts molecular-
state amplitudes at Ro (boundary of the "real col-
lision" region, 16 a.u. ) to those at R~ac. The
effects of this coupling are significant; for example,
at 8 keV, the cross sections for He+{2s) excitation
as computed by this procedure differ by about 25%
from those found by direct numerical integration of
Eq. (4) even as far as R =25 a.u.

Coherence effects. The molecular states 2srr and
3drJ correspond asymptotically to {sp) hybrid atorn-
ic levels of He+(n=2}; to compute probabilities
and cross sections for He+(2s) and He+(2po) atom
ic states, the corresponding amplitudes must be
formed by coherent addition of (Schrodinger pic-
ture) amplitudes for the 2so, 3do molecular states
[cf. Eq. (11) and Ref. 25 ]

He +-H (1s) COLLISIONS

Figures 2 and 3 compare our matrix elements for
the dominant 2po~2p~ and 2p0~3du couplings

(solid curves) with those obtained using Bates-
McCarroll ETF's, (and also those computed with
the universal switching function of Vaaben and
Taulbjerg). The differences with the plane-wave
ETF couplings are substantial, especially for the
2pcr~3d 0 radial couplings.

Just as for H+-H(1s) collisions, the primary ex-
citation path is the strong 2p0.-2pm rotational cou-
pling associated with orbital degeneracy in the
united atom, but an important secondary mechan-
ism, particularly at larger impact parameters, ar-
ises from the radial 2p0.~3do. coupling. 3d0.-2pm.

Coriolis coupling (not shown} is one of the asymp-
totic couplings within the He+(n=2) manifold
(2scr, 2pn. , 3do), which we treat specially beyond

re

~ asC
Q.

0
O

R (a.u.)

FIG. 2. ETF-corrected 2po.~2p~ angular-coupling
matrix elements computed using diA'erent ETF
descriptions. The angular-coupling operator (denoted
"ANG") is the sum of the PSS coupling, Eq. (7b), and
the ETF correction whose matrix elements are A s [see
Eq. (5c)]. Solid curves, present work; —~ —~ —., based
on Bates-McCarroll ETF's (Ref. 4); . , based on
switching function of Vaaben and Taulbjerg (Ref. 6).
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0
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1.0
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X
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aI
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FIG. 3. ETF-corrected 2pn~3dcr radial-coupling
matrix elements computed using different ETF
descriptions. The radial-coupling operator (denoted
"RAD") is the sum of the PSS coupling, Eq. (7a), and
the ETF correction whose matrix elements are A" [see
Eq. (Sc)]. Solid curves, present work; ———,based
on Bates-McCarroll ETF's (Ref. 4); . . . , based on

switching function of Vaaben and Taulbjerg (Ref. 6).

0
0 4 b 8

Impact Parameter (a.u. )

FIG. 5. Probability of charge transfer times impact
parameter [pP,„(p)] versus impact parameter for He'+-
H(1s) collisions at 20 keV. , present ten-state re-
sults; ——-, ten-state results of Winter and Hatton [Ref.4(a)];,present five-state results.

R =16.0 a.u., but it also has significant effects at
shorter distances. A "collision history" plot {not
shown) similar to those given by Piacentini and Sa-
lin would illustrate all these effects in sequence.
Figure 4 shows probabilities for 2p~, 3dcr, and 2scr
molecular states versus impact parameter at 8 keV.
The united-atom 2po-2p~ coupling produces the
2p~ peak at small impact parameters. The
Rosen-Zener-Demkov oscillatory peak structure for
3dcr is produced by 2po-3do. radial coupling, and
the relatively small 2pm peaks at larger impact
parameters, which are in phase with thase for 3dcr,
are produced indirectly, via 3du, by the 3do-2pm
angular coupling. The small 2str peak for p & 1 is
produced by 2pcr-2scr radial coupling which has a
maximum at small R and falls off sharply for
R ~2 a.u.

Figure 5 shows total charge-transfer probability
times impact parameter versus impact parameter,
at 20 keV', for our four- and ten-state basis calcula-
tions, and, for comparisan, the ten-state results of
Winter and Hatton+' (data kindly supplied to us

by Dr. T. G. Winter). It is interesting that in spite

E =8keV

Zl

0 02
Q.

I 2 3 4 $ b 7 I 9 I0

Impact Parameter ( a0)

FIG. 4. Molecular-state excitation probabihties versus
impact parameter for He +-H(1s) collisions at 8 keV.

of the rather different coupling matrix elements
shown in Figs. 2 and 3, the agreement between the
two sets of ten-state results is generally good.
Even better agreement (as to phases and ampli-
tudes of observed peaks) is found with Ref. 4{a) at
lower collisian energies.

As noted in Refs. 3 and 4, the four states 2pcr,
2pm. , 3do, 2so are almost adequate to study charge
transfer in process (a) at these energies, since
He + + H(ls) and He+(n =2) + H+ are near-
resonant levels. It is more difBcult to decide in ad-
vance which of the more highly excited states will
contribute appreciably to secondary effects. In
making choices we used information from the ear-
lier studies as well as preliminary studies of
couplings using switching function ETF's. In-
clusian of the states 3po, 3p~, 3dm is important
because these states are significantly coupled to
3do.. As noted abave, we chose to omit 3scr and
3d5 since these seem to be only weakly caupled to
the lower levels. We included instead the 4dcr
(coupled to 3prr, 3drr) and 4frr states, which are
correlated to H(n=2) + He +. For a further study
of convergence as functian of basis size, we did cal-
culations at 8 and 20 keV, for eight to ten values of
impact parameter, using the 12-state set formed by
adding 4fo and Sgo to the ten-state set.

Total charge transfer cross sectio-n. Table III
shows our results for three-, four-, and ten-state
bases, together with results of previaus calcula-
tions. ' ' There is generally good agreement at
all energies between our results and those of Hat-
ton, Lane, and Winter ' ' [cf. also Ref. 4(a)] who
used Bates-McCarroll ETF's; like them we find
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TABLE III. Total charge-transfer cross sections: He + + H(ls) ~He+ + H+ {units 10 ' cm ).

Calculation
Basis
size

He + Energy (keV)
3 8 20

Piacentini and
Salin (Ref. 2) (1977)

Winter and
Lane (Ref. 3) (1978)

Vaaben and

Taulbjerg (Ref. 6) (1979)

Hatton, - Lane, and Winter
(Ref. 4) (1980)

Kimura and
Thorson (1981)

3
10
20

3
10

3
4

10

3
4

10

0.238

0.238
0.247

0.134
0.135'

0.247
0.264
0.265

0.258
0.260
0.260

0.985

0.994
1.03
1.22

1.25
1.26

1.45
1.49
1.49

1.40
1.43
1.43

3.27

3.27
3.80
4.66

5.40
5.19

5.93
6.07
6.30

5.90
6.01
6.15

5.36

5.34
7.20
9.37

10.36
9.63

10.1
10.8
12.2

9.85
10.40
11.23

that convergence of the results as function of basis
size is much improved (relative to the PSS results
of Winter and Lane ), when ETF effects are includ-
ed. Setting aside for the moment the results re-

ported by Vaaben and Taulbjerg, it also appears
that the convergence limits of the ETF-corrected
calculations are significantly different from those of
the uncorrected calculations, at least at the higher
energies.

The results reported by Vaaben and Taulbjerg,
using a common switching function for all molecu-
lar states, are in marked disagreement with our
values and those of Hatton, Lane, and Winter, ' '

especially at the lowest energies, where the effects
of ETF corrections appear to be least significant
for this system and where all other calculations re-

ported in Table III agree most closely. These re-

sults were sufficiently disturbing that we performed
a calculation at 1 keV using their switching func-

tion. For the three-state basis at 1 keV we find the
value 0.247&(10 ' cm, in general agreement with

other values in Table III.
At 8 and 20 keV the convergence of our total

cross sections is somewhat faster than that of Ref.
4 (changes from four-state to ten-state basis cross
sections are 64% of those of Ref. 4, in both cases);
however, the comparison is not clear cut, since the
ten-state bases differ slightly. Additional informa-
tion about convergence is provided by results of
calculations using 12 basis states at 8—10 values of
impact parameter (1—10 a.u. ), for both energies:
in every case the total charge-transfer probability

changed by less than 1% relative to the ten-state
basis result. At 20 keV, it also appears that the
convergence limit resulting from the two ETF
treatments might be slightly different as well,
though calculations using still larger basis sets
would be needed to settle that question.

Figure 6 compares ten-state results of ourselves

oJ Q-l5
E
O

C0
V

fO
CO0

)0-lb

il Il yt)il

He + Energy (keV)

FIG. 6. Total charge-transfer cross section for
He + + H(1s) collisions, versus projectile energy E.
Theoretical results:, present work; —- —-, Hat-
ton, Lane, and Winter (Ref. 4); ————,Piacentini and
Salin (Ref. 2). Experimental values: CI, Fite et al. (Ref.
8); , Bayfield and Khayrallah (Ref. 11); 0, Gilbody
et al. (Refs. 9 and 10); 0, Olson et al. (Ref. 7).
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and of Hatton, Lane, and Winter ' ' with experi-
mental values, " showing that there is excellent
agreement between them.

Detailed level cross sections. Cross sections for
electron transfer to individual levels He+(n), n = 1,
2, 3, and for direct excitation to H(n =2) are shown

for the ten-state basis in Table IV. By far the larg-

est contribution to charge transfer comes from the
He+(n =2}manifold due to the near resonance
with H(ls}—99.2, 95.6, and 93.3% at 1, 8, and

20 keV, respectively. Capture to the He+{is}
ground state is unimportant at these energies

(0.2 —1.3 %). A secondary contribution is made to
He+(n =3) (0.6, 2.9, 4.8%, respectively}, and direct
excitation of H(n =2) is about 1.5% of the total
charge-transfer cross section at 8 and at 20 keV.
However, these higher level cross sections may be

expected to change significantly if a larger basis set

is used. We find, for example, using the 12-state
basis set at 8 keV, that population of H{n =2) is in-

creased by -40%, mainly because the inclusion of
4fa greatly increases the 4' population via the
rotational coupling between them; a secondary ef-

fect is introduced by inclusion of Sge, even though

the final Sgo population is itself negligible. [Simi-
lar effects are mentioned in Ref. 4(b).] Expansion
of the basis to include such states as 4do., 3d5,
4dn, etc., would be likely to shift upper-level popu-
lations back toward He+(n =3,4) levels again.
However, these results do confirm that (when ETF
effects are included) the four-state basis is sufficient

for a qualitative account of He +-H(ls) collisions

at these energies.
Table V presents an analysis of individual

atomic-state cross sections within the He+(n= 2}
level. At low energies the principal contribution

comes from 2p+& excitation associated with the

2po-2pz rotational coupling, but as the energy in-

creases this is overshadowed by the radial 2pcr-3do.

coupling, and, to a lesser extent, the 2pcr-2scr cou-

pling which populate the 2s and 2po states. In-

crease in the basis from four to ten states affects

the 2p+& cross section much less than those for 2s
and 2po. This happens because a number of higher
states (e.g., 3dm} couple strongly with 3dcr due to
its "promotion" in the united atom limit, while the
2so. and 2pe states are relatively isolated from the
higher levels (cf. Fig. 1).

Figure 7 shows a comparison of our and other
theoretical results for the He+(2s) cross section
with experimental values. " Our results and

those of Winter and Hatton are in good agreement

with the experiments, especially those of Gilbody
et al. ' above 5 keV; as already noted by Winter
and Hatton, however, the energy dependence at low

energies is in better accord with the trend of the
measurements of Bayfield and Khayrallah. "

IV. H+-He+(1s) COLLISIONS

Since He+(1s) plays a negligible role in He +-

H(ls) collisions, it is not surprising that the total
charge-transfer and direct excitation cross sections
for H+-He+(ls} collisions are very small, as has al-

ready been shown by Winter, Hatton, and Lane.
However, in this case we find that the treatment

given to ETF corrections has a more' significant ef-

fect on the values found for these cross sections,
using basis sets of comparable size, than is the case
for process (a). Our five-state basis and that of
Ref. 5 are identical; as noted previously, the two
ten-state bases differ slightly, but they do so in

respect to states which are relatively weakly arid

indirectly linked to the more important lower lev-

els.
Figures 8 and 9 compare our coupling matrix

elements linking 1scr to 2po, 2pm, and 2so states
with those found by Winter, Hatton, and Lane us-

ing Bates-McCarroll ETF's (N.B.: couplings are
non-Hermitian only if ETF's for the two states
coupled are different. Since 1so., 2pn. , and 2so all

correlate to He+ states, couplings from Ref. 5

among these are Hermitian). For lsir~2pa cou-

pling (Fig 8},which . is of primary importance for

TABLE IV. Atomic level excitation cross sections He + + H(1s) (units 10 ' cm ) (ten-
state basis).

He'+
energy (keV) He+(1s) He+(n =2) He+(n =3) H(n =2)

1

8
20

4.89' 10-'
2.8 X10
2.5 X10

0.258
5.88

10.54

1.6X 10
0.176
0.535

4.1X10-4
0.094
0.155
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TABLE V. He+(n=2) atomic-state cross sections, He + - H(1$) collisions (units 10
cm ).

He'+
energy (keV)

Basis
size 2$ 2pp 2P+l

20

4
10

4
10

4
10

0.040
0.038

1.40
1.21

2.65
2.18

0.026
0.024

2.66
2.65

3.97
4.66

0.194
0.195

1.95
2.02

3.78
3.70

this collision process, our coupling matrix elements

are very different from those of Winter et al. ,
especially for R & 3 a.u. where most of the coupling
occurs, and it is not surprising that different 2po.
probabilities result. ' Some differences among the
secondary couplings from lso (Fig. 9) exist but
these are probably less important for cross sections.

Figures 10 and 11 depict collision histories for
the five-state basis (cf. Table II) at c.m. energy
E, =4 keV and impact parameters 0.5 and 2.p
a.u. , respectively. The dominant. event in both
cases is excitation from 1so. to 2po. At higher en-
ergies direct coupling from iso to 2pn and (to a

cv lp 0
E
O

C0
0
M
CO
CO0
O lP-17

smaller extent) from 1scr to 2scr play some part,
but (for example) the peak in 2pm probability in
Fig. 10 results from the two-step process 1s0.-2po.-

2pm, rather than direct coupling. Similarly, effects
of 2po.-3da radial coupling later in the collisions
lead to two-step population of 3do.. A large por-
tion of the flux eventually appearing in He+(n =2)
levels thus passes through the "gateway" of the
2po (charge-exchange) state as intermediate. This
picture is not significantly altered by going to the
ten-state basis, and it would explain why both the
charge-transfer cross section and the "direct excita-
tion" cross sections for He+(n =2) should be sensi-
tive to the 1scr-2po. coupling (this is also the
reason why we have presented our results for
charge exchange and for direct excitation together,
rather than separately).

Cross sections. Table VI presents our calculated
charge-transfer and direct excitation cross sections
for the five-state (KT5) and ten-state (KT10) bases
at 1.6, 4, and 8 keV. Also shown for comparison
are the values reported by Winter, Hatton, and
Lane (WHL5, WHL10); note that for WHL10 no

lP- '

'I

I I I i I I I I

l00

He + Energy (keVj

tI
EI 0.5-
Lt

L

ts

Ol
C

0

00

~- &1sa ) RAD ( 2ptr&
I

&1sir I RAD I 2ptr&'. .

&2ptrlRAD l1str&~&2pm lRAD l 1 so&

S 10
R (a.u.)

FIG. 7. He+(2s) capture cross section versus E for
He +-H(1s) collisions. Theoretical results:
present work; —-—-, Winter and Hatton [Ref. 4(a)];
——-, Piacentini and Salin (Ref. 2). Experimental values:
~, Bayfield and Khayrallah (Ref. 11); 0, Gilbody et al.
(Refs. 9 and 10).

FIG. 8. ETF-corrected 1$0~2pcr radial coupling
computed using different ETF descriptions. Radial-
coupling operator "RAD" as defined in Fig. 3. Solid
curves, present work; dashed curves, couplings based on
Bates-McCarroll ETF's (Ref. 5).
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FIG. 9. ETF-corrected radial (1so~2scr) and angular
(1s0.~2p~) coupling using different Et ETF descriptions.

f d "ANG" and "RAD" are defined inOperators define
ashedFi s. 2 and 3. Solid curves, present work; das

b ed n Bates-McCarroll ETF's (Ref.curves, couplings based on a es-

5).

JD
0$o0

CL

10'-

H(n=2} occurs, and thatbasis state correlating to n =
for He+(n=3) were not report I

Ref. 5. Our results may be compar wi

Ref. 5 in several ways.

(l) Convergence: For the H(ls} charge-transfer

the largest change we find in goingcross sections, e
from the five- to the ten-state basis is —. o

k V) pared to —7.9% (4 keV} for Ref. 5. For
excitation of He+(n =2) levels, the stabi i y

d 2 cross sections is much
f 14,poorer, particularly at 8 keV (changes of +

—26, and —12%%uo, respectively, compared to + 13,
d —19% for Ref. 5). The reason for t is

instability, of course, is the substantia r
+ n=3} and H(n=2} levels due

to coupling froin 3do to 3ds, 3po, 3ps (an cr

10
2pa'

2so
3dty

10 l
-20 -10 0

t (a.u.)

10 20 30

FIG. 10. Collision history (probability versus time)
H+-He+(1s) collision at c.m. energyfor five-state asis,

4 keV, and impact parameter 0.5 a.u.

in our case, w enh these states are included; that it
is 3dcr w ic serves an' h as the connection is reflected
in the somewhat better stability of 2p~ cross sec-

P h a more significant measure o
e chan es of"overall convergence" is given by the changes o

'
n cross sections for H+-He+(1s) collisions (units 10 cm (cm (Present results:TABLE VI. Atomic level excitation cross sections for - e s

KTS, KT10; results of Ref. 5: WHLS,WHLS WHL10).

(keV)
Basis and

calc. H(1s) He+(2s) He+(2p0) He+ (2p+ i ) H(n =2) He+(n =3)

1.6 KTS
KT10
WHL5
WHL10

KTS
KT10
WHLS
WHL10

KTS
KT10
WHLS
WHL10

2.88 X 10
2.82 X 10
3.41x 10-'
3.23 x 10-'

1.98X 10-'
1.94X 10
2.46X 10-'
2.28x10 3

9.27x 10-'
8.89X 10

12.2 X10-'
12.4 X10-'

3 68X10
3.62 x 10
6.51x 10-'
6.40X 10-'

2.56X 10
2.64x 10
3.08 x 10-4
3.30x10-4

2.31x10-'
2.67 X 10
4.70X 10
5.39X10 '

3.21 x 10-'
2.88x 10-'
5.62 x 10-'
4.71 X 10-'

2.38x 10-4
1.87 X 10-4
4.06X 10-4
2.66X 10-4

1.37X 10
1.09X10 3

2.78 X 10
1.79X 10-'

7.10x 10
6.92X10 6

7.95x10-'
7.40X10 6

3.56x 10-4
3.47 X 10-4
4.20X10 4

4.01x 10-'

2.84x 10
2.54X 10-'
3.64x 10-'
3.05 X10-'

2.15x 10

4.98X 10

9.62 X 10-4

4.75 X 10

9.72x 10-'

1.55X10 '
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H+-. 11. Collision is ol' ' h' to;~ for five-state basis,FIG
H(1s) collision at c.m. energy e
ter 2.0 a.u.

—1, +2, an d 10% (at 1.6, 4, and 8 keV,
the total cross section for both

charge transfer plus excitations of all in s:
fi ures make it c ear a1 that augmentation of the basisig

t has not caused massivefrom five to ten states a
h fl x drained from 1so.. Unfor-

tunately, the corresponding data is not avai a e
rom Ref. 5.

Wh 1 it appears that the conve gnver ence of ouriei a
ef. 5 a corn-results is s ig y

1' htl faster than that for Re .
d b the differences in the two

~ ~

arison is weakene y e
In both cases, further augmenta-ten-state bases. n o c

cause signifi-tions of the basis may be expected to cause sig '-
h He+(n =2) individual statecant changes in t e e n=

Oh the other hand it may becross sections. e
to ex ect that the charge transfer to

H s, an(1 ) nd especially the total flux oss rom

will be much more stable (&10% c gchan e at 8

keV7).
In our opinion, a more(2) Cross-section values. In our op' '

i nificant difference is found in compm arisons of t e
s- ' '

d found here with those re-s-section magnitudes oun
ported in Ref. 5 (see Ta e

te results are relevant forboth five-state and ten-state resu s
case, the cross-sectionthis purpose. In every cas,

re orted by Winter et al. are apprecia y
er than those we obtain orlarger a

ble H(1s) charge-transferbasis. For the more sta e
cross section, eth cross sections of Ref. 5 are

18—32% larger than ours for tr the five-state basis,
4—26% larger than ours for ther the ten-stateand 1 — o

' . These differences are at least twic g
' easlar ebasis. T ese i e

sis au mentation in
Ref. 5, and at least four times as arg

our results. While it is con-
e that further, large augmentation o t e

'
ht lead to reconcilia-basis (discrete states only) mig t ea

h'of these differences, it is ou p'r o inion that t is
there is no reason toill not occur. In princip e, there
on a common valueex ect that such convergence onexpec a

ness o the two basismus oct occur unless completeness
both contin-sets is exp ici yl' 'tl ensured by inclusion of

and discrete states in each.uum and d
f these differences,An alternative explanation of t ese i

that they result from effects o igfhi her orderi.e., t a
terms in the velocity (we retained o ynl first-order

ems im robable to usterms in our calculation), seem p
he differences are 18—14% even at

k V (b) as stated previously, we stu ie e ece
d-order terms for process (a) at F. =4the secon -or er

and found them lessV (20-kcV projectile energy) and ounke
robabilities, and (c)h 1% for individual state probatan o

ections is alwaysthe sign o ef th se second-order correc
edh' h ould increase the observenegative —w ic w

discrepancies.
'

cre ancies (asimi ar y
'1 1 large or even larger discrep

2 andmuc asa ah a factor of 2 for 2s and 2po, an
o for 2 +&) occur for the individua 1 directp+i

ns. Given t e poo
ence in both sets of calculations for these etai e

ss sections, it is not so c ea
lm 'h-"-, h.wou ld converge on different imi s;

u ests t isconsistency o ef th discrepancies found sugg
as a reasonable possibility.

the comparisons made above sug-In summary, e c
TF correc-gest that t e ihe different treatments of ET c

'
ter Hatton,ade b ourselves and by Winter, a

an ane, (b) to significant]yand Lane may lead, for process, o s'

th for charge transferdifferent cross sections both or
or

' '
it is our opinion t atd for direct excitations, an 't '

an or
f ct the case. (It should be possible tothis is in ac

erha s twicetest t is ycacn' b 1 ulations using a basis per ap
as large as those emp ylo ed here. )

W d t attribute any particular signi icance
the s ecific numbers reported or n=

nd He+(n= 3) direct excitationg
t ese ma be expecte o ccross sections, as t ese

n in to the
'

bl hen additional states belonging o eappreciab y w en a
manifold are included in the basis. e o

agree with the conclusions of e .
studies) t a eh t th H(n=2) cross section is "sma

[4—10% of H(n = 1)].
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mental values have been determined from the mea-

sured He + formation; hence they include both

charge-transfer and ionization events, though it

may be reasonable to assume that the contribution

of ionization is less than l%%uo. In spite of differ-

ences between them, both our results and those of
Winter et al. appear to be in good agreement with

the experiments {though our lower values at 4 and

8 keV do seem to lie slightly closer to the data

points given in Ref. 12, the error limits on the ex-

perimental data do not permit a firm conclusion as

to which set of results is more accurate). More ac-

curate measurements of this cross section, or accu-

rate measurements of the direct excitation cross

sections, would be of considerable interest for the

questions discussed here.

FIG. 12. Total charge-transfer cross section for H+-

He+(ls) collisions, versus c.m. energy E. Theoretical

results: CI, Winter, Hatton, and Lane (Ref. 5); 6,
atomic-state calculations by Rapp (Ref. 32);, present

work; 4, experimental values of Peart et al. (Ref. 12).

Comparison with experiment. Experimental

values for the total charge-transfer cross section, as

reported by Peart, Grey, and Dolder, ' are shown

in Fig. 12 together with our ten-state results [in-

cluding H{n=2}],and those of Ref. 5. The experi-
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