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Absolute total cross sections for D-He scattering were measured with an accuracy of 1% at
0.3, 0.5, and 0.6 eV, These new data were combined with published relative measurements

of the velocity dependence of the H-He cross section in a X* minimalization procedure.

The

resulting potential V(R) as function of internuclear separation R is precisely determined in
the repulsive range 1.7 A<R <R, with V(Rg) =0, Several multiparameter potential models were
tried. Of these the four-parameter ansatz V(R) =A (e*F— ¢ *0) (for R <Rg) =4€[(Ry/ R)®

- (Ry/R)%] (for R >R0) was found to describe the data best.

Parameters obtained are A =70, 00

eV, @=3.383 A1, Rj=3.20 A, and €=0.39 meV. The well depth €, to which the measurements

are insensitive, is chosen to match the theoretical van der Waals constant Cg=

2.83 a.u. The

potential is compared with results of ab initio calculations, and a probable € range is discussed.
For 0,355 €50.70 meV the calculated low-energy cross section shows a pronounced Ramsauer-
Townsend minimum. The possibility of its observation is pointed out.

The H-He system is the simplest three-electron
diatom and has been the object of numerous quantum-
chemical ab initio calculations,!=® some of which
have been performed over the entire (i.e., short,
intermediate, and long) range of internuclear sep-
arations.!'3'*'® The most recent calculations
show van der Waals wells, % the depth (¢) of which
differs within an order of magnitude.

The H-He system is also of astrophysical inter-

est., For instance, the infrared line shape in trans-
lational absorption is determined by the potential
curve and has been suggested as being a possible
factor in the opacity of late-type stars.” Further-
more, the potential is also needed to interpret hy~
perfine pressure-shift measurements on H in a
He buffer gas,

In order to get direct experimental information
on the intermediate range of the potential, we have
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precisely measured the absolute value of the total
collision cross section in the scattering of D
atoms® on He target gas at center-of-mass ener-
gies of 0.3, 0.5, and 0.6 eV,

The apparatus is essentially the same as de-
scribed previously® (except for the target).
atomic deuterium beam is produced by thermal
dissociation in a tungsten oven (exit slit 0.4 x5
mm?) heated by electron bombardment to 3000 °K.
The target is a liquid-nitrogen cooled cylinder of
17 cm length and 15 cm diam, located 35 cm from
the oven in a separately pumped chamber, The
holes for beam entrance and exit are designed so
that their conductance L can be calculated with an
error of +0.5%. The target is supplied with a
constant flow @ of gas, which is measured to with-
in +£0.5%, '° so that the number density of target
particles, n=@Q/L, can be determined to within 1%.
A collimating slit of 2x5 mm? located 65 cm from
the oven separates the target vessel from a third
chamber, containing the standard mechanical ve-
locity selector [velocity resolution Av/v=25% full
width at half-maximum (FWHM)]. From here the
beam enters the electron-bombardment-mass
spectrometer detector (background pressure
5% 107! Torr) through a 2X 5-mm? slit 140 cm
from the oven, The ion pulses were counted by
scalers with typical counting rates of 2500 per
sec for the background, 1200 per sec for the un-
attenuated beam, and 600 per sec for the attenu-
ated beam., Data reduction was done on line with
a PDP 8/L computer.

Since the energy dependence of the total cross
section of H-He in arbitrary units is known from
other experiments,!*''2 we could restrict the ab-
solute determination of the cross section to three
primary beam velocities., The results are shown
in Table I. The accuracy of the method was tested
by measuring the cross section for He-He, where
the potential is well known from molecular-beam
experiments, measurements of bulk properties,
and ab initio calculations. Our He-He cross sec-
tions are consistent with other values,!? indicating
that the systematic errors do not exceed 1%.

To determine the intermolecular potential the
relative cross sections from Refs, 11 and 12 were
combined with our absolute values in a X% mini-
mizing procedure. The criterion for the best po-
tential V,= V,(R;[A,]), where [4,] is a set of pa-
rameters which fits the three groups of data [j=1
(these data), j=2 (Ref. 11), j=3 (Ref. 12)], is that

3
thot,k=§>1x§k(pjk’ qj:[Ak]) (1)

be minimal. The individual xf,k measure the close-
ness of a fit, in which the trial potential V, is used
to interpret data from experiment j. They come
from N, measured cross sections G,(v;) at veloc-

TABLE I. Measured effective cross sections § for
D-He at three primary beam velocities v, corresponding
to center-of-mass energies E, ,,, with statistical stan-
dard errors AS/& of the mean, based on N single mea-
surements, §* is the value of & corrected for the ex-
perimental conditions of 77 °K target and 2800 °K oven
temperature, 25% velocity resolution (FWHM), and the
angular resolving power of the apparatus. &* can be
compared with calculations of o(E, ) without any further
averaging.

v(m/sec)  Ecm. (meV) & (A2 6+(A%) a6/ 5(%) N
7100 350,13 37.18 38.24 0.26 19
8390 488,90 35,97 37.25 0.47 30
9460 621, 56 35,30 36,74 0.53 34

ities v; with standard errors AG,(v;) and are given
by

Zj//(ﬁjk(vi: W) = = D105 (Ui))) @)

i1\ ijQjAUJ(Ui)

where the two factors p,, and ¢; have been intro-
duced to make a meaningful combination of the ex-
perimental data from the different sources pos-
sible. p,k is a scaling factor for the measured
6, and A0, and ¢, is an error-normalizing factor., !
For the relative measurements p,, (j=2,3) is
chosen to minimize X2, for each set of [Ak] without
restrictions, For absolute measurements without
systematic errors p,, should be equal to 1, Due
to the small systematic uncertainties of our ex-
periment it is restricted to a 1% interval centered
about unity. ¢, is chosen from statistical consid-
derations, which require that for a x2 distribution
the minimum X2 should be equal to its expectation
value df, i,e., the number of degrees of freedom,
In Eq. (2) the effective cross section 7,,(v; [4,))
is calculated by standard techniques!® as a func-
tion of primary beam velocity for the potential V,
and the experimental setup under study: First,
scattering phase shifts n,(E,.,.) are computed by
Numerov integration of the radial Schrédinger
equation at low energies and by the Jeffreys—
Wentzel-Kramers—Brillouin-Langer (JWKBL)
method (including Rosen and Yennie’s correction
term) at high energies E,,, . From these 7; one
obtains the partial cross sections o, (E, . ), the
total cross section o(E, . ), and the differential
cross section do(E, , )/dw. In order to correct
o(E,.,.) for the finite angular resolving power of
apparatus j, do/dw is folded with the angular-de-
pendent detection probability W,(f) calculated by
a Monte Carlo technique over all possible beam
trajectories in the experimental setup j. After
subtraction of the result from o(E, ), this cor-

rected cross section is finally averaged over the
velocity distribution functions of primary beam

and target gas. The accuracy of G obtained in this
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FIG. 1. (a) Measured absolute effective cross section
8y for D-He taken at 77 °K target temperature as function
of primary beam velocity, and calculated Gy, for various
potentials: broken line, Ref. 1; dash-dots, Ref. 3;
dashed line, Ref. 4; dash—~double-dot—dash, Ref. 6;
solid line, this work. (b) Measured &3 for H-He, taken
from Ref. 12 (secondary beam at 77°K, Av/v=11%
FWHM), compared with Gy, for best-fit potential (solid
line). Error bars have been partly omitted. (c) Mea-
sured G, for H-He, taken from Ref. 11 (target at room
temperature, Av/v=25% FWHM), compared with Gype for
best-fit potential (solid line).

1-3

way is better than 0. 3%.

Initially, potentials from the literature which
covered a suitable range were evaluated as out-
lined above. The potential from Ref. 1 could be
used in its analytical Slater-Buckingham form
V(R)=Ae *® — C4R™®, whereas the others, given in
tabular form [7,, V(r,)], s=1,2...x, had to be
brought into a functional form in the interval 7,
<R <7, prior to calculation of . We found cubic
spline interpolation most suitable, and extended
the spline, where no ab initiopoints were available,
as

V(R)=Ae*F - A, for R<7y
XY
=Llalm(R -7, n<R<m

4
=Z}1 @R =7,)™, 7, <R<7,, t=n-1
me

= ~ GR®-CR®, 7,<R. 3)

Figure 1(a) shows the measured absolute cross
sections 0; and the calculated o;, for the potentials
V, listed in Table II, which contains the input pa-
rameters [A,] (upper part) and the resulting x%,,
D1p, and x%ot’k for the various experiments (lower
part). Figures 1(c) and 1(b) show the measured

TABLE II. Comparison of potential parameters and X* values.

Potential parameters for H-He and D-He This work,
well from
Ref. 1 3 4 6 5 6 Eq. (@)
A (eV) 125. 33 43.37 37.49 96. 36 70. 00 70, 00 70. 00
4, (meV) 1.39 1.39 1,39
a A1) 3.326 2.940 2. 865 3.360 3.383 3.383 3.383
n 10 10 16 7 11
7 B) 1,06 1.06 1.59 3.17 3.17
7y R) 5.29 5,29 6.35 6.35 6.35
R, (&) 3.59 3.49 2. 86 3.14 3.26 3.16 3.20
R, (&) 4,05 3.82 3.47 3.60 3.72 3.60 3.59
€ (meV) 0. 22 0.30 3.24 0.96 0,46 0. 96 0.39
Ce (a.u.) 2.94 2.80 42.9 5.48 2.83 5,48 2.83
Cg (a.u.) 41,9
Corresponding X? for the experimental data from references

this  Dte 1. 010 1.010 1.010 1.010 1,000 0. 995 1. 000
work 2. 1386. 0 244.2 922 124.2 3.0 3.2 3.5
11 B4 8.2 8.0 763 9.4 10.7 9.7 10.6
12 B, 46.0 51,0 17244 61.2 52.2 49.9 54.1
X 1440, 2 303.2 18929 194. 8 65.9 62. 8 68.2

tot, 2
(af=57)
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FIG. 2. Comparison of best-fit H-He, D-He potential,
solid line (column 6, Table II) with results of ab initio
calculations and experimental results at high energies:
+, Ref. 1; X, Ref. 2; V, Ref. 3; O, Ref. 4; O, Ref. 5;
O, Ref. 6; dash-dot-dash, Ref. 5 (wide detector); dash-
dot-dot-dash, Ref. 5 (narrow detector); dots, Ref. 16,

relative cross sections 0, and §; from Refs. 11
and 12, respectively. They have been shifted by
factors p,,. and p, to giveminimal X2, and x2,
with respect to the calculated cross sections G,
and T,,., where &’ refers to the final best-fit po-
tential (see below). As indicated by the x2, and
x§k in Table II and by the nearly parallel G,, curves
in Fig. 1(a), the energy dependence of the relative
measurements is in agreement with that expected
for three potential models from the literature. A
selection of the true potential among these on the
basis of the relative measurements is statistically
insignificant. However, the large X%, values from
Table II and the measured absolute &, in Fig. 1(a)
with respect to the calculated 0,, indicate that
these potentials are not in agreement with our ab-
solute data. For this reason a new set of param-
eters was determined in order to obtain a better
fit of all the data.

The Born-Mayer-spline-dispersion potential
from Eq. (3) was also used in this final fitting,
mainly because it allows local changes in the in-
teraction. We found that all measurements are
mainly sensitive to the repulsive interaction,
which could be completely specified by only three
parameters, a, A, and Ay, for R<R,, where R,
is defined by V(Ry)=0. The final best-fit potential
is shown in Fig. 2, where it is compared with
other experimental results'®!® and results of re-
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cent ab initio calculations. One can estimate from
the classical turning points of those partial waves,
which make major contributions to the measured
cross section at the highest energy, that the highest
potential probed in the experiments was 220 meV.
Since the experiments do not extend below 1400
m/sec they are not sensitive to details of the at-
tractive-well region. We can, however, exclude
the € from Ref. 7 on the basis of all x2. The
small € of Ref, 6 also appears ur ikely since it is
difficult to find a physically meaningful potential
form which would lead to agreement with our R,
value. But fits combining the repulsive interaction
either with the well from Ref. 5 (column 6, Table
II) or with that of Ref. 6 (column 7, Table II) give
practically identical results in the energy range
under study, although the values of € and C, differ
by a factor of 2, approximately.

An indication on the true well depth could be the
fact that calculations on the van der Waals constant
C; from various authors!™!® agree among each
other and with the result of Ref. 5. For this
reason we preferred the ab initio points of Ref, 5
in drawing the potential well in Fig. 2. But a
statistically significant determination on the well
is not possible at present on the basis of available
measurements. This uncertainty allows a mean-
ingful reduction of parameters in the potential
model: Taking a most probable C;=2.83 a.u.,
our Ry=3.2 A, and a Lennard-Jones- (12, 6) po-
tential form (a good approximation in the well re-
gion), € is specified by €= C;R;®/4=0.39 meV. In
this way the following four-parameter potential is
obtained:

V(R)=A(e*® - e-*F0) for R<R,

=4€(x'? - x®)  with x=R/R, for R>R, .

“)
This potential (last column, Table II) describes
the beam experiments equally well and should be
sufficient for practical purposes.

To determine € and C; more accurately, mea-
surements at lower velocities are required. We
have performed full quantum-mechanical calcula-
tions of the H-He scattering extending down to en-
ergies of 4X10"7 eV (corresponding to a relative
velocity g=10 m/sec), keeping the repulsive part
of the potential equal to that of the best-fit result
(column 6, Table II). The whole negative region
was multipled by factors between 0 and 2, given
as parameters on the curves in Figs. 3 and 4, so
that 0 corresponds to no attraction at all, 1 to the
well from Ref, 5, and 2 approximately to the well
from Ref. 6. Figure 3(a) shows the s- and p-wave
phase shifts as function of relative velocity g and
Fig. 3(b) shows the total cross section o(g), cal-
culated from all phase shifts making nonvanishing
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FIG. 3. (a) s-wave (solid line) and p-wave (dashed
line) phase shifts as function of relative velocity for po-
tential modifications explained in the text, for low-energy
H-He scattering. (b) Total cross section o(g) as function
of relative velocity g. (c) Effective cross section 0 as
function of primary beam velocity v, assuming 2 °K tar-
get temperature and 5% velocity resolution (FWHM).

partial cross sections 0;(g). The s-wave phase
shifts 7, [see Fig. 3(a)] approach zero at zero en-
ergy in every case. As a consequence of Levin-
son’s theorem, for the H-He system and the po-

tential variations under study, no bound states ex-
ist nor glory undulations in the total cross section.
The latter are many-phase-shift phenomena, which
require that in an 7,-vs-] plot (at fixed energy)
the phase shifts become stationary at integer
(glory-minimum) or half-integer (glory-maximum)
multiples of 7. In Fig. 3(b) the sharp minima in
some total cross section curves at nonvanishing
energies (corresponding to g< 200 m/sec)are due
tP the Ramsauer—Townsend effect,!® a single-
phase-shift phenomenon: The s-wave phase shift
starts with positive gradient at zero energy and
vanishes at a nonzero energy Egp;, where the other
phase shifts (1>1) are still so small that their
partial cross sections ¢; make only minor contri-
butions to o.

We demonstrate this further in Fig, 4, where
the nonvanishing o, and their sum o are plotted
against g in a logarithmic velocity scale (10<g
<500 m/sec) for four potential wells (factors 1.0,
1.1, 1.2, and 1,3). Figure 4(b), corresponding
to a factor of 1.1 (a 10% deeper well than that from
Ref. 5), is especially interesting?®: Even the s-
wave contribution o, remains negligible over a
wide velocity range, making the He atom almost
fully transparent for low-energy H atoms. This
results from the fact that the gradient of the s-
wave phase shift at zero energy, which determines
the value of the cross section at zero energy, is
nearly zero, due to a compensation of positive and
negative potential regions.

From the o{g) in Fig. 3(b) we have calculated
effective cross sections o(v) as function of primary
beam velocity, assuming a target-gas tempera-
ture of 2 °K and a primary-beam-velocity resolv-
ing power of 5%. As the curves in Fig. 3(c)
clearly show, measurements at low velocities,
which appear feasible in the near future, should

W
(s}
T

Partial and total cross sections[A3
- N
S 3

1 0
Relative velocity [mlsec]

10 “100

FIG. 4. Partial cross sections o, (broken line), oy
(dotted line), o, (dashed line), o3 (dash-dot), and resulting
total cross section (solid line) for H-He as function of
relative velocity g for four modifications of the potential
well. Factors are (a) 1.0, (b) 1.1, (c) 1.2, and (d) 1.3.
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make it possible to observe the Ramsauer-Town-
send minimum in the H-He system and to deter-
mine € with considerable accuracy.

We thank W, Schrader for help witk the mea-
surements and all members of the Bonn Molecular
Beam Group for valuable discussions.
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A sum rule due to Inokuti et al. for the Bethe inelastic cross section for fast-charged-
particle collisions with atoms and molecules has been applied to Hy. Using an accurate two-
center configuration-interaction wave function, the formula for nonrelativistic incident parti-
cles was found to be given as oyo =47a,22%(R/T)[1. 5487 In(T/R) +2.2212] to within an error of
0.5% in 044 for incident-electron energies above 1 keV. Although the theoretical values are
in good agreement with the summed experimental (i) total ionization (including dissociation
ionization), (ii) total dissociative excitation, and (iii) most important discrete excitation cross
sections, an apparent systematic trend suggests that one or more of the current experimental
total cross sections for electron impact on Hy may not be accurate and that omitted processes
should be included for comparison in the incident energy range above 1keV.

I. INTRODUCTION

A very accurate evaluation of the total inelastic
cross section for high-incident-energy charged-
particle collisions has been reported’ for He, Li*,
and H™. For the H, molecule, the theoretical evalu-
ation of this inelastic cross section has not been
reported because of the greater difficulties en-
countered in the evaluation of the optical quantity
L(~1), the oscillator-strength moment S(-1), and
the quantities I, and I, which were defined previous-
ly by Inokuti and Kim et al.® (see Sec. II). Re-
cently the total inelastic differential cross sections?®
in the first Born approximation have been reported

using five-term configuration interaction (CI)3 and
ten term CI* wave functions containing 95 and 97%
of the binding energies, respectively. The quantity
I; can be obtained from the calculated total inelas-
tic differential cross sections. An estimate of the
optical quantity L(- 1) has also recently been re-
ported by Langhoff and Yates. ® In addition, the
quantity I, can be calculated by using the CI wave
functions previously used for calculating ;. Us-
.ing these, a sum rule for the Bethe cross sec-
tions can be obtained with less than 1% uncer-
tainty in the high-energy limit according to the
method of Inokuti ef al.! The experimental study
of the impact phenomena of H, by fast charged



