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This paper reports measurements and calculations of absolute differential cross sections for H+-
He charge-transfer and direct scattering. Charge-transfer measurements have been obtained at 5.0
keV laboratory energy over the laboratory angular range 0.02 —1.0', while direct scattering has been
observed at 0.5, 1.5, and 5.0 keV laboratory energy over a closely corresponding angular range. Cal-
culations are reported for 0.5, 1.5, and 5.0 keV charge-transfer and direct scattering. The measured
cross sections are in good agreement with those derived from fully quantum-mechanical molecular-
orbital close-coupling calculations. Direct scattering cross sections are also found to be in agree-
ment with single-potential calculations using directly summed Jeftreys-Wentzel-Kramers-Brillouin
phase shifts derived from proposed H -He ground-state interaction potentials. The cross sections
exhibit significant structure over the range of angles and energies studied. The measured cross sec-
tions have been integrated over the experimental angular range providing absolute integral cross
sections for comparison with theoretical results and previously measured total cross sections.

I. INTRODUCTION

Studies of angular differential scattering at keV ener-
gies in ion-atom collisions at very small angles (below l )

are motivated by the highly forward-peaked character of
the cross sections and by the location of the classical
rainbow angle within this range. This paper reports mea-
surements of absolute differential cross sections for direct
and charge-transfer scattering of keV energy protons
from neutral helium. The high angular resolution of the
apparatus allows detailed observations of structure in the
vicinity of the classical rainbow maximum.

Oscillatory patterns seen in elastic and inelastic
scattering have been studied extensively using semiclassi-
cal scattering theories. In particular, the models of Lan-
dau, Zener, and Stueckelberg' (LZS) for potential curve
crossings and of Demkov for pseudocrossings have been
used successfully to describe characteristics of quantum
interference in some heavy-particle collisions where pri-
marily two states are involved. In these models, it is as-
sumed that a transition between the initial and final state
takes place in a well-localized region as the two particles
are approaching or receding from each other. Interfer-
ence between the scattering amplitudes for these two
cases is responsible for oscillatory structure in the cross
sections. In the present work, a theoretical study has
been undertaken to investigate such interference phenom-
ena without resorting to approximations such as the
Demkov or LZS models. Theoretical cross sections,
differential in angle, for direct and charge-transfer

scattering have been obtained for the H+-He system from
a fully quantum-mechanical, close-coupling calculation
based on molecular-orbital (MO) techniques. A single-
potential Jeffreys-Wentzel-Kramers-Brillouin (JWKB)
partial-wave analysis using H+-He ground-state poten-
tials discussed by Helbig et al. has also been performed
to obtain direct scattering cross sections.

Comparisons between theory and experiment permit
evaluation of the theoretical interaction potentials at in-
ternuclear distances of a few angstroms. In addition, ex-
perimental differential cross sections are integrated over
angle to provide absolute integral cross sections for com-
parison with the results of the MO theory and with previ-
ously measured total cross sections.

II. APPARATUS AND EXPERIMENTAL METHOD

Figure 1 shows a schematic of the apparatus, which
has been previously described in detail. Protons em-
erging from the electron-impact ion source are accelerat-
ed to the desired energy and focused by an electrostatic
lens. The resulting beam is momentum analyzed by a
pair of 60 sector magnets and passes through a collimat-
ing aperture before arriving at the target cell (TC). A
positive-sensitive detector (PSD) is located on axis down-
stream to monitor both the primary ion beam and the
fast neutral collision products. Deflection plates (DP)
may be used to prevent ions from striking the detector.
The collimating aperture and the entrance aperture of the
TC are 20 and 30 pm in diameter, respectively, and are
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FICi. 1. Schematic of the apparatus.

separated by 49 cm, thereby collimating the ion beam to
less than 0.003 divergence. The TC has a length of 0.38
cm and an exit aperture 300 pm in diameter. A PSD
with an active area 4.0 cm in diameter is axially located
109 cm beyond the TC, permitting a maximum observ-
able scattering angle of about 1.3'. An LSI 11/2 micro-
computer monitors the output of the PSD electronics,
sorting the arrival coordinates of each detected particle
into bins in a 90X90 array. The physical area corre-
sponding to the bin size is variable, so that the conflicting
requirements of high resolution and large angular cover-
age may be met. The minimum physical bin size for the
present experiments is 109X109 pm . The bin size is
measured by observing the shadow of a nickel grid of
known dimensions placed directly in front of the detector
as an ion beam is swept over the detector surface. This
technique is also used to determine the position-finding
accuracy of the PSD. For the charge-transfer experi-
ment, the primary ion-beam flux is measured intermit-
tently during the neutral particle accumulation by remov-
ing the electric field established between the DP. The is-
sue of possibly differing detection efficiencies for neutral
and charged species has been discussed previously ' with
the conclusion that the two efficiencies are considered
equal at 5.0 keV.

Under the thin-target conditions used in this experi-
ment, the differential cross section is determined from the
measured quantities by the expression

do. (8)
dQ

ES(8)
S~AQ

where S is the primary ion-beam flux in particles per
second, b,S(g) is the neutral (lux scattered at angle 0 into
a solid angle b Q steradians, and ~ is the target thickness.
For the present geometry, ~ has previously been deter-
mined to be accurately given by the product nL, where n

is the number density obtained from a measurement of
gas pressure in the TC and L is the physical length of the
cell. At a typical target cell pressure of 5 mtorr, residual
vacuum chamber pressure is maintained below 2 X 10
torr. Under these conditions, only 5% of the beam is
scattered by the target gas, making multiple collision
effects negligible.

A description of the data acquisition and analysis tech-
nique has been presented by Nitz et aI. and only a brief
discussion will be provided here. For charge-transfer and
direct scattering, two 90X90 data files, one with gas in
the target cell and one without, are taken. The scattered

Previous molecular-orbital (MO) studies have revealed
that in H+-He collisions below 20 keV, charge transfer to
the H(ls) state dominates all other charge-transfer and
excitation processes, having more than an order of mag-
nitude larger cross section than both H(2p) transfer and
ionization. As the energy is increased above 60 keV, ion-
ization becomes the most significant process. Thus a
two-state MO close-coupling calculation should provide
satisfactory cross sections for the dominant channels in
the energy range studied, i.e., E ~ 5 keV.

In a fully quantum-mechanical formulation of heavy-
particle collisions at low energy, the total time-
independent scattering wave function of the system is de-
scribed in an adiabatic representation as an expansion in
products of electronic (Born-Oppenheimer) and nuclear
wave functions

+(R,r)= QF, (R, r)y', (R), (2)

where F;(R,r) represents the Born-Oppenheimer elec-
tronic wave function for fixed internuclear coordinates R
and all electronic coordinates r, including electron-
translation factors (ETF's); the y,'(R) represents the nu-
clear (scattering) wave functions that correspond to the
electronic states i in the adiabatic representation. Substi-
tution of this equation into the stationary Schrodinger
equation yields coupled, second-order differential equa-
tions for the g,'(R). It is computationally convenient to
solve these equations in a diabatic representation. The
unitary transformation matrix C(R), satisfying g'(R)
=C(R)g (R), where y' (R) are column vectors, is intro-
duced to transform to the diabatic representation, in
which the radial derivative coupling terms are zero. The

flux, b,S (8), is obtained by organizing the 90 X 90 data ar-
rays into concentric rings and subtracting the gas-out
data from the gas-in data. This procedure permits
discrimination between counts due to scattering from the
target gas and counts arising from other sources, such as
PSD dark counts or scattering from the background gas
or from edges of apertures. For direct scattering, addi-
tional files must be accumulated to properly account for
counts on the detector due to neutral collision products.

The experimental uncertainty in the number of counts
at a particular angle is primarily statistical, and ranges
from 1% near 0.05 to 10% near 1 . The angular uncer-
tainty arises from the finite width of the primary ion
beam, the discrete width of the analysis rings, and elec-
tronic errors in the detector s position encoding circuits,
and amounts to about 0.02 at the smallest scattering an-
gles. The effect of the finite angular resolution of the ap-
paratus has been estimated by Gao et al. , who calculat-
ed the convolution of He+-He theoretical cross sections
with an apparatus function which accounts for the
above-mentioned effects. Their calculation raised the
minima in the strongly oscillating He+-He cross section
only at very small angles ( —0.05'). Convolution of the
present direct scattering calculations would not change
the cross sections appreciably, since their structure is less
pronounced.

III. THEORETICAL CONSIDERATIONS
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resulting coupled equations are in matrix form,

1
V~I —V (R)+EI y"(R)=0,

2p
(3)

-1.0—

where p is the reduced mass of the system, I is the identi-
ty matrix, and V, the diabatic potential matrix, is related
to its adiabatic counterpart by V =C 'V'C. Since only
two states are considered in the present work, Eq. (3) con-
sists of two coupled scalar equations, which are solved to
obtain the scattering S matrix for each partial wave (for
the spherically symmetric case) using the log-derivative
method. The differential cross section for charge
transfer is then obtained from the formula

CL -2.0—
Z'.
LU

0,2—

—H(1s). He(ls)

— H + Hp(1 S)

do(B)
dQ g (2l+1)S', P, (c osB)

4k
(4)

where S,z is the scattering S-matrix element for partial
wave l, 0 is the scattering angle in center-of-mass coordi-
nates, and k is the momentum of the projectile. A similar
equation with (1—SIt ) in place of SIz is used to obtain
the direct elastic-scattering cross sections. The number
of partial waves needed to obtain reasonable convergence
of cross sections is 1800 for 1.5 keV and 3200 for 5.0 keV
(laboratory frame energies). Full configuration-inter-
action calculations were performed to obtain eigenvalues
and eigenfunctions of the electronic Hamiltonian.
Slater-type orbitals (STO) were employed as basis func-
tions. Values of the orbital exponents for the STO's are
found in Ref. 7. The calculated adiabatic potential
curves for the initial H+-He( 1'S) and final H(ls)-
He+( ls) states are plotted in Fig. 2, along with the nona-
diabatic radial coupling matrix element (where the opti-

O. I

CL

O
C3 0

0 3 4 5
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FIG. 2. Adiabatic potentials and corresponding radial cou-
pling between the two states, calculated from the MO theory.

mized MO-ETF has been used ) between these states.
Representative values of the potentials have been tabulat-
ed in Table I as an aid to other investigators.

Direct scattering cross sections have also been calculat-
ed through the use of single-channel potential scattering
models, closely following Nitz et al. Theoretical in-
teraction potentials from other investigations are used in
a partial-wave analysis with semiclassical phase shifts.
This approach is satisfactory because the small-angle

TABLE I. Calculated values for the adiabatic radial coupling, initial-state, and final-state potential-
energy curves, using the MO theory. Internuclear distance is given in ao, while energies are stated in
a.u.

Internuclear r (units of ao)

0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00
1.50
2.00
2.50
3.00
3.50
4.00
4.50
5.00
6.00
7.50

10.0

Coupling

0.0
0.002
0.006
0.010
0.016
0.021
0.029
0.036
0.089
0.150
0.185
0.150
0.100
0.060
0.035
0.021
0.008
0.002
0.0

Potential energy (a.u. )

H+-He( is')

12.87
3.156
0.1395

—1.219
—1.934
—2.344
—2.590
—2.742
—2.836
—2.895
—2.967
—2.947
—2.926
—2.913
—2.907
—2.903
—2.902
—2.902
—2.902
—2.902
—2.902

H(1s)-He+ ( 1s)

15.05
5.246
2.121
0.6579

—0.1652
—0.6812
—1.027
—1.273
—1.457
—1.599
—2.028
—2.256
—2.382
—2.446
—2.477
—2.490
—2.496
—2.497
—2.498
—2.499
—2.499
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scattering reported in this paper arises from very small
deflections of the projectile at relatively large impact pa-
rameters. Two different approximations, the Jeffreys-
Wentzel-Kramers-Brillouin (JWKB) and the Jeffreys-
Born (JB), have been used for the phase shifts, typically
several thousand partial waves are used, and the phase
shifts are directly summed over I using the Rayleigh-
Faxen-Holtzmark equation. The potentials used are
those found in Helbig et al. , which are analytical fits to
the theoretical results of Michels' and Wolniewicz. "

I I I I I I I
I

DIRECT

da-(8) lo4 H'(1. 5 keV)
dQ,

(A /sr)
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I i I I I I I I I

IV. RESULTS AND DISCUSSION O, OI
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I I I I I I I I I
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Measured and calculated cross sections are shown in
Figs. 3—5 along with the 5.0-keV experimental results of
Fitzwilson and Thomas, ' which are in good agreement
with the experimental data. Charge-transfer cross sec-
tions could not be experimentally obtained at energies
lower than 5.0 keV since the total cross section rapidly
decreases with decreasing energy. Direct scattering re-
sults are shown together with the results of the present
two-state MO close-coupling theory and with the results
of the JWKB calculation from the potential of Wol-
niewicz. The result from the potential of Michels lies
very close to that of Wolniewicz, which is not surprising
since these two potentials differ primarily in well depth,
and there only by about 0.2 eV. Charge-transfer experi-
mental results are shown together with calculated cross
sections from the present MO theory. The structure in
the cross sections may be interpreted as a consequence of
several effects. Classical one-potential, trajectory-
dependent effects (such as rainbow scattering from the at-
tractive part of the H+-He ground-state potential) are re-
sponsible for some structure in the data. The classical
rainbow maxima have been determined by calculating the
deAection function, and are located at 8=0.32' (0.5 keV),
0.11' (1.5 keV), and 0.03' (5.0 keV). Gentle undulations
occur in the cross sections due to quantum diffraction'
(arising in scattering from any steeply rising repulsive po-

LAB ANGLE 8 (deg )

FIG. 4. Experimental data for H+(1.5 keV)-He direct scatter-
ing and theoretical predictions for differential cross sections of
H+(1.5 keV)-He direct and charge-transfer scattering.

tential wall). Interference due to coupling between the
direct and charge-transfer channels is responsible for
"Demkov oscillations" in the cross sections. In the Dern-
kov model, a pseudocrossing radius R is defined as the
separation where the nonadiabatic coupling reaches a
maximum, in the present case about 2.5ao (1.3 A), as seen
in Fig. 2. If the classical turning point is less than R
the charge-transfer channel becomes important, as shown
by the S-matrix elements illustrated in Fig. 6 for a
scattering energy of 1.5 keV. (The values of the impact
parameters that correspond semiclassically to the respec-
tive partial-wave angular momenta are also shown. )

As an aid to interpretation of the quantum-mechanical
results, it is instructive to consider the semiclassical
charge-transfer deflection function, which was calculated
some time ago for the single energy 1.5 keV. The
deflection function, shown in Fig. 7, exhibits a branch at
I = 820 or b„=2a 0 ( l. 1 A ). Thus for angles greater than
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FIG. 3. Experimental data for H+(0.5 keV)-He direct scatter-
ing and theoretical predictions for differential cross sections of
H+(0.5 keV)-He direct and charge-transfer scattering.

FIG. 5. Experimental data and theoretical predictions for
differential cross sections of H+(5.0 keV)-He direct and charge-
transfer scattering.
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FIG. 6. Absolute value of the S-matrix element, derived from
the MO theory, for direct as well as charge-transfer processes,
as a function of partial-wave l (upper abscissa) and impact-
parameter b (lower abscissa).

FIG. 7. Semiclassical de(lection function [in the center-of-
mass (c.m. ) frame] for 1.5-keV charge-transfer scattering, calcu-
lated from the adiabatic potentials, as a function of partial-wave
1 (lower abscissa) and impact-parameter b (upper abscissa).

0=0(l ), structure in the cross section arises from in-
terference between semiclassical scat tering amplitudes
corresponding to two different trajectories. In Fig. 7 one
notes a range of impact parameters, 1.5(b (2.0ao, for
which the scat tering takes place around E0=0.18
keV deg. This (lower) branch corresponds to a trajectory
in which the particles follow the initial-channel potential
inward to the classical turning point and then switch to
the final-channel potential in the vicinity of R =R on
the outward portion of the trajectory. The upper branch
of the deflection function corresponds to a trajectory in
which the particles switch to the final-channel potential
on the initial approach and then remain on this potential
throughout the collision. The long-range repulsive wall
of the final-channel potential gives rise to the larger
deflection angles. Since each trajectory possesses a
scattering amplitude with a characteristic phase, it fol-
lows that for all scattering angles 0) 0, interference
effects will give rise to oscillatory structure in the cross

sections, which can be written in the simple form

do(9) ~ A Bcos[rj,—(b, )
—rjz(bz)], (5)

where kb = l, A and B are weak functions of impact pa-
rameter and energy, and z), (b, ), r)z(bz) are semiclassical
phase shifts at given impact parameters b, , bz for trajec-
tories denoted by 1 and 2. Variations in the difference be-
tween phase shifts (q&

—gz) as a function of angle 8 (or b)
lead to the oscillatory structure apparent in the experi-
mental data. This interference is seen in the 5.0-keV
charge-transfer results (see Fig. 5) for 0.04'~ 8~ 0. 3' and
in the 1.5-keV results (see Fig. 4) at larger angles. It
should also be noted that oscillations for direct and
charge-transfer scattering are out of phase, as can be ex-
pected from considerations of flux loss and gain between
coupled channels.

The experimental and theoretical results generally

2TABLE II. Absolute integral cross sections in A . Differential cross sections from the experiment
have been integrated over the experimental angular range; those from the MO theory have been in-
tegrated over the experimental angular range (Int. ) and over all angles (Tot.). The letter D denotes
direct scattering while CT denotes charge-transfer scattering. Comparisons to the literature have been
made where available.

Process 0 range Expt. Int.
Theo r.

Tot. Literature

H+ (0.5
H+ (1.5
H (5.0
H+ (0.5
H (1.5
H+(5.0

keV)-He, D
keV)-He, D
keV)-He, D
keV)-He, CT
keV)-He, CT
keV)-He, CT

0.08 —1.2
0.040 -0.882
0.02' —1.0'
0 —1.0'
0 —1.0
0 —1.2'

7.2
4.0
2.3

0.29

7. 1

3.4
1.6

9.9X10-'
0.014
0.30

10.7
4.7
2.2

3.4X 10
0.022
0.30

0.02'
0 30' 0 35 0 37'

'Stedeford and Hasted (Ref. 14).
Stier and Barnett (Ref. 15).

'Becker and Scharmann (Ref. 16).



ABSOLUTE DIFFERENTIAL CROSS SECTIONS FOR SMALL-. . . 3631

agree well. The direct scattering cross sections corre-
spond very closely to both the theoretical MO predictions
and to the single-potential calculations from the ab initio
Wolniewicz and Michels potentials. The ground-state
potential obtained from the MO theory lies very close to
the results of the large ab initio calculations, with a well-
depth value between those of Michels and Wolniewicz.
The MO theory charge-transfer cross sections exhibit a
lesser degree of agreement with experiment. Since the
ground-state potential is well established by the direct
scattering results, the deviations may be due to either the
coupling or the H-He+ state potential. Preliminary cal-
culations using the present formalism of charge-transfer
theory for other rare-gas —hydride systems indicate that
the angular positions of oscillation minima in charge-
transfer differential cross sections are sensitive to small
adjustments in the internuclear separation of the peak of
the nonadiabatic coupling.

The measured differential cross sections have also been
integrated over the observed angular range and compared

in Table II to total charge-transfer cross sections mea-
sured by Stedeford and Hasted, ' Stier and Barnett, ' and
Becker and Scharmann. ' Such comparisons are possible
because the differential cross sections are strongly peaked
in the forward direction, and so the bulk of the total
cross-section results from scattering inside the range of
the measurements. Table II also shows total and in-
tegrated cross sections calculated from the present MO
theory; the integrated experimental cross sections are in
reasonable agreement with the MO results.
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