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Velocity dependence of the cross sections for Penning and associative ionization
of H and D atoms by He(2 S) metastable atoms
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The velocity dependence of both the Penning and associative ionization cross sections o.» and crA& for the

He(2 S)+H interacting system as well as total ionization cross section 0.» is measured for the relative

velocity range 1900-5300 m/sec (0.015—0.10 eV energy range) in a crossed-beam experiment by a time-of-

flight technique. Characteristic cross-section ratios cr«/0» and the relative magnitudes of the cross sections
0 Al 0 pl and cr» are reported. The experimental results concerning the total ionization cross section are in

very good agreement with previous theoretical work, but the experimental values of the ratio crA, /cr» are
found to be higher than theoretical values, especially at low energies. A numerical solution of the
Schrodinger equation with a complex potential is performed to interpret both the results on the He(2'S) + H
system and our previously published results on the He(2'S)+ H system. A truncated width is used for the
calculation of the associative cross sections. It is observed that an exponentially shaped autoionization width

1(R) = Ae "' is satisfactory and that the width for the He(2'S)+ H system is nearly equal to the width
for the He(2'S) + H system.

I. INTRODUCTION

The Penning and associative processes are de-
scribed by the following reactions:

0pzHe(2'S)+H '= H'+ He+a
~~z=-HeH'+e .

The velocity dependence of the Penning and asso-
ciative ionization cross sections for the He(2'S)+ H

interacting system, has been presented in Ref. 1.
In the present work, we have obtained the velocity
dependence of the Penning and associative ioniza-
tion cross sections for the He(23S)+H interacting
system in order to complete the experimental
study of the simplest three-electron diatomic sys-
tem involving these processes. Thus, comparison
with the theoretical approaches can be extended to
the triplet case for which the various potential
curves, the autoionization width and the consequent
ionization cross sections are available in the liter-
ature. ' ' Until now, comparison has not been easy
because most of the experiments yielded cross
sections averaged over the velocity distributions
of the colliding atoms at one temperature. Shaw
et al. '0 mme a measurement of the quenching of
He(2'S) in a Gowing afterglow at 300 'K, and
Howard et al."measured 0'» and o'» at an average
kinetic energy of 0.37 eV in a crossed-beam ap-
paratus. Only Magnuson ef al. '2 attempted to point
out the role of the relative kinetic energy of
He(2'S) and H atoms in the o„, cross section.

Ne have measured the velocity dependence of opz
'and o„,in the 1900-5300 m/sec relative velocity
.range which corresponds to the 0.015-0.11eV rela-

itive kinetic energy range, in a crossed-beam experi-
ment by a time-of-flight technique (TOP). The re-
sults presented in this paper are a useful test of
the different calculations of cross sections pub-
lished to Irate. A3.1 these calculations are formu-
lated inside the same model in terms of a local
complex potential, but they differ either in the
method (classical~ ' or semi-classical4 ') or in the
data used [incoming- and outgoing-channel potential
curves V*(R) and V'(R), autoionization width
r(R)].

We have developed a pure quantum calculation of
the total ionization cross sections 0» for both sys-
tems He(2'S)+H and He(2'S)+H by solving numer-
ically the Schrodinger equation into which has been
introduced the complex potential V*(R) —i~1'(R).
The associative cross section 0» is obtained by
the same method except that now a truncated width
1 „,(R) replaces I'(R) in the Schrodinger equation.
The coupling width I'„,(R) is defined via the classi-
cal criterion

R&R„„1'„z(R)=0,
R (R„„r„,(R) = r(R) .

This method neglects the "survival factor" which
appears in the classical formulation.

II. EXPERIMENT

The same time-of-flight technique as used in our
work on Ar (Heis. 13 and 14) and He(2'S)+H (Ref. 1)
has been employed. Some modificat&ons have been
made to the apparatus concerning the interaction
chamber. Ions produced in this chamber can be
extracted either directly into an electron multipli-
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FIG. l. Schematic dia-
gram of the apparatus. The
target H atom beam enters
the interaction chamber in
a plane perpendicular to the
plane of the diagram. For
clarity, the distances are
not drawn to scale.

er for total ion-production measurement or into a
quadrupole mass analyzer for Penning or associa-
tive ion-production measur ement.

The metastable beam and the 8 target beam are
produced as in our previous paper on He(2'S)+H.
The difference with the previous work is that fuller
measurements have been necessary to collect the
Penning ions produced by He(2'S), the energy of
which can be as high as 2 eV, and verifications
have been made by measuring the total ion produc-
tion. A scht:matic diagram of the apparatus is
shown on Fig. i.

In the theoretical model usually employed, since
the ejected electron takes up all the excess poten-
tial energy, the kinetic energy of the Penning ions
is given by

E' =E + V*(~) —V*(R)+ V'(R),

where V'(~) is taken as zero. Ec is the relative
kinetic energy of He*+H. V*(R) and V'(R) are the
He*+ H and He+ H+ potential curves, respectively.
Calculations of V*(R) for the triplet and singlet
cases have been done by Miller et al.' and Fujii
et al. ,

' but the curves obtained by Miller et al.
seem more trustworthy than the others. V'(R) is
the He+8' potential curve. As a result of the rel-
ative position of the wells of V*(R) and V'(R), Ec
can reach values of the order of magnitude of the
well depth of VI'(R), i.e., 1.8 eV for the triplet and
0.4 eV for the singlet [for He*-H system, in the
thermal velocity range the kinetic energy in the
laboratory coordinates E;(lab) is close to the kine-
tic energy in the center-of-mass coordinates E;].

In our preceding paper, the interaction chamber
was biased to V, =+20 V (relative to ground), the
focusing diaphragm to V&

=- 12 V, and the quadru-
pole entrance diaphragm itself was grounded. This
was to ensure the efficient collection of low-energy
ions [E;(lab) = 0.5 eV is the threshold for efficient

collection] such as Ar' produced by He(2'S) and
prod«ed by He(2'S) and all the as-

sociative ions and to mass analyze them with max-
imum transmission through the quadrupole mass
spectrometer. In a first step, we have observed
that the shape of the TOP spectra of these low-
energy ions is not sensitive to V, varying from
20 to 100 V, but that thy count rate at V, =100 V
was a factor of 2+10/g lower than at V, =20 V.
This signifies that the transmission of the quadru-
pole decreases when the energy of the ions at its
entrance diaphragm, which is close to V„ in-
creases.

In a second step, we have observed that the TOP
spectrum of H' ions produced by He (2'S} is strong-
ly perturbed when V, varies from 20 to 100 V (sat-
uration is observed from 90 V), which proves that
these ions actually have energies larger than 0.5
eV. Therefore, in order to obtain the correct
complete TOF spectrum of these 8' ions, the raw
spectrum obtained at V, =+100 V is multiplied by
a factor of 2 to take into account the loss of trans-
:mission between V, =20 and 100 V. In a third step,
a thorough study of the total ion production is per-
formed. The ions are extracted from the interac-
tion chamber which is biased at V, =+100 V,
through a 10.2-mm-diam aperture positioned op-
posite the other 10.2-mm-diam aperture which
leads to the Iluadrupole (see Fig. 1). The iona are
focused by an electrostatic lens consisting of the
extraction aperture, a 6-mm-diam grid biased at
-50 V.and a 10-mm-diam grounded diaphragm.
The distance between the elements is 2 mm. Field
lines thus produced inside the interaction chamber
are such that most ions [E;(lab) ~ 2 eV] are ex-
tracted, including thermal ions. The ions are de-
tected by an electron multiplier (Spiraltron Bendix
4219 X'), which replaces the electron gun of the
previous experiment. ' Electronics are similar to
those employed in Ref. 1.
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III. RESULTS

A. Data for He(23S)+ H

Since the He(2'S) component of the metastable
beam can be quenched with the helium discharge
lainp, the signal corresponding to He(2 'S) atoms
is derived by making observations with the lamp
continuously on. The TOF spectra of the H' and
HeH' iona are shown in Fig. 2. The TOF spectrum
of the He(2'S) atoms is similar to He(2'S) one pub-
lished previously, ' as we noted in our work on
Ar"

Photons are emitted by the metastable atom
source. They produce H' ions in the interaction
zone by photoionization. Accumulation of data with
no delay gives a 8' photoion peak in the H' TOF
spectrum and a photon peak in the He* TOF spec-
trum, both having the gate-function shape. The
photoion peak is delayed by the ion transit time in
the mass analyzer. The zero of the time scales is
given by the middle of the photon or photoion peak.

Furthermore, we have verified that the extrac-
tion and the mass selection of the ions did not mod-
ify their TOF spectra by using the TOF technique
and a velocity selector for the metastable beam
(which has not been used elsewhere in the present
work). A triangular He* TOP spectrum is thus
obtained, whose base width is related to the reso-
lution of the velocity selector (A =10%). We have
observed a similar triangular H' TOF spectrum.

Although it has been observed that the H' ion
production by He(2'S)+H, collisions is negligible
compared to the number of H' ions produced by

He(2'S)+H collisions (a factor of 10 '), the contri-
bution of the H, molecules remaining in the target
beam to HeH' ion production is not negligible (a
factor of 10 '). In order to obtain the HeH' TOF
spectrum resulting from only He(2'S)+H colli-
sions, we have subtracted from the HeH' TOF
spectrum resulting from He*+ H, H, collisions (hy-
drogen rf discharge on) the HeH' TOF spectrum
resulting from He*+ 8, collisions alone (hydrogen
rf discharge off), weighted using the dissociation
coefficient in the hydrogen beam.

B. Determination of the cross sections o&&

and opg for He(2 5)+H

The same procedure as in our previous paper
Ref. 1 is used. In the first step, an effective cross
section o,«(v) is obtained as a function of the He*
atom velocity v, and then in a second step the real
cross section c(v„) is deduced as a function of the
relative velocity v„of the He* and H colliding par-
ticles. The formula used is

o(v„) = vo„,(v)/tt„,

where v„ is the relative velocity averaged over the
H target atom velocity distribution. Assuming that
v(v„) depends on v„", we have verified that the aver-
age cross section (c(v,)) as a function of V„ is equal
to the cross section o(v„) over a range of values of
n and T, which includes those of the experiment
(-1 & n & + 8 and 80 'K & T & 300'K) within accura-
cies of 1/owhen the cross section is a decreasing
function of relative velocity (n & 0) and 5/0 when the
cross section is a, strongly increasing function of
relative velocity (n= 8).

The velocity dependences of the Penning and as-
sociative ionization cross sections are plotted in
Fig. 3. The o» cross section increases slightly
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FIG. 2. Time-of-fbght spectra of H" and HeH" ions pro-
duced by He(2 3S) metastable atoms. The channel width
is 2 @sec and the flight path is 46.1 cm. The number of
cycles counted is 12x10~.

FIG. 3. Penning ionization cross section Op& and
associative ionization cross section OAq as a function of
relative velocity, present experiment (a smooth curve
is drawn through the experimental points).
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FJG. 4. Penning and associative ionization cross sec-
tions for He(23S) +H as a function of relative kinetic en-
ergy. The solid line with plusses for data points pre-
sent experiment (as in Fig. 3). 'These experimental
results are relative. The absolute scale has been ob-
tained by normalization to the total cross section o T~

for He(2-3S) +H system calculated at 0.04 eV. Q Ex-
periment, Howard et al. (Ref. 11);H experiment,
Magnuson et al. (Ref. 12); Dashed line, classical orbit-
ing approximation Mi11er et al. (Ref. 2) reca1culated
at low energy (a); Dash-dot-dash line classical theory,
Miller et al. (Ref. 8) (b); 4 semiclassical theory, Naka-
mura (Hef. 4) (a); 8 semiquantum theory, present cal-
culation (a). (a) Counting the decaying molecular ipns
as dissociated produc«; (b) counting the decaying
molecular ions as associated products.

0.8 I I I I I I I I

FEG. 5. Total ionization cross section o.
T~ for He(2 S)

+H as a function of relative kinetic energy. The solid
line with plusses for data points, present experiment
(as in Fig. 3). These experimental results are relative.
The absolute scale has been obtained by normalization
to the total cross section o T~ for He{2 S) +H system cal-
culated at 0.04 eU; experiment, Howard et al. (Ref. 11);
L experiment, Shaw et al. (Ref. 10);Dashed line, classi-
cal orbiting approximation, Miller et al. (Ref. 2) re-
calculated at low energy; Dash-dot-dash line, classical
and semiclassical theory, Miller et al. (Ref. 8) and
Cohen and Lane (Ref. 6) with V* from Miller et al.
(Ref. 2) and I'23& from Miller et al. (Ref. 8); Dash-
double dot-dash line, semiclassical theory, Cohen
and Lane (Ref. 5) with V* from Miller et al. (Ref. 2)
and I'2 z from Fujii et al. (Ref, 3); p semiclassical the-
ory, Fujii et al. (Ref. 3); X theory, Bell (Ref. 7);
quantum theory, present calculation.

0.7— ',, He{2'Sj+H
and monotonically with velocity up to 5200 m/sec
while the o„, cross section decreases strongly
(a factor of =6) in the same velocity range. These
cross sections are also plotted as a function of
relative kinetic energy in Fig. 4.

We have observed that the sum o»(v„)+o»(v„) as
a function of v„coincides with the total ionization
cross section crT, (v„) resulting from the total ion-
production measurement via the Spiralton Bendix
4219X. This confirms the validity of the deter-
mination of the spectrum of the H' Penning ions.
The relative kinetic energy dependence of a» is
shown in Fig. 5: we note that o» decreases by a
factor of 1.6 for E„varying between 0.015 and 0.1
eV.

The ratio o» j(cr„,+ o p, ) is shown in Fig. 6 as a
function of relative kinetic energy. This ratio is
obtained directly from the two TOF spectra of H'
and HeH' ions, without using the TOF spectrum of
He* atoms. Therefore, the accuracy of the ratio
is of the same order of magnitude as theone of each
cross section. %e observe that this ratio decreas-
es with increasing kinetic energy over the range of
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FIG. 6. Ratio oA~/o T~as a function of relative kinetic
energy. Solid line with plusses for data points, present
experiment (as in Fig. 3); experiment, Howard et al.
(Ref. 11);A,experiment, deduced from the electron
spectrum of Hotop et al. (Ref. 22); Dashed line, classi-
cal orbiting approximation, Miller et al. (Ref. 2) re-
calculated at low energy (a); Dash-dot-dash line, clas-
sical theory, Miller et al. (Ref. 8) (b); + semiclassical
theory, Nakamura (Ref. 4) (a); 8 semiquantum theory,
present calculation (a). (a) Counting the decaying mole
cular ions as dissociated:products; {b) counting the de
caying molecular ions as associated products.
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experimental measurements by a factor of 3.7,
and that at the lowest energy involved (0.015 eV)
the ratio reaches values as high as 501o.

C. Determination of the cross sections eA&

'and 0&& for He(2'S) +8
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FIG. 7. Ratio OT&(2~S)/OT/23S) as a function of rela-
tive kinetic energy. Solid line with plusses for data
points, present experiment {as in Fig. 3); ~ experi-
ment, Howard et al. {Ref.-11);k experiment, Hotop
et al. (Ref. 22); Dashed line, classical orbiting approxi-
mation, MiQer et al. (Ref. 2) recalculated at low energy;
Dash-dot-dash line, semiclassical theory, Cohen and
Lane (Ref. 6) with V~ from Milker et al. (Ref. 2) and
I'g = I'23& from Miller et al. {Ref.8), Dash-double dot-
dash line, semiclassical theory, Cohen and Lane (Ref.
5) with V* from Miller et al. {Ref.2) and I' from Fujii
et el. , (Ref. 3);g quantum 'theory, present calculation.

By making measurements with and without the
quenching helium discharge lamp, we Obtgin cross
sections for He(2'S)+H and for He(2'S)+H sep-
arately.

The experimental ratio o»(2'S)/oT, (2'S) is de- '

rived after measurements of the. ratio of the sing-
let component to the triplet component of the met-
astable beam (the TOF spectra of the two metas-
table species are similar). For our experimental
conditions in the metastable atom source (600 mA,
il00 V, 0.15 torr), the ratio isfound tobe He(2'S)/
IHe(2'S}=1.6. Here we have assumedthat the elec-
Itron multiplier detecting He* atoms is sensitive to
the flux of atoms, and that the secondary emission co-
efficients & of the CuBe first dynode are such that
y(2'S)/y(2'S)=0. 61." The ratio cr,(2'S)/c, (2'S)
ksplotted in Fig. 7, and we observe that it reaches
values as high as 2.
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FIG. 8. penning and associative ionization cross
sections for He(2 ~S)+ H as a function of relative kinetic
energy. Solid line with plusses for data points, pre-
vious experiment (as in Fig. 3.) (Bef. 1). These experi-
mental results are relative. The absolute scale has
been obtained by normalization to the total cross see-

Tl for He(2 3S)+ H system calculated at 0.0
e experiment, Howard et al. (Ref. 11);Dashed line,
elassiea1 orbiting approximation, Miller et al. (Ref. 2)
recalculated at low energy (a); + semiclassical theory,
Nakamura (Bef. 4) (a); Q-semiquantum theory, present
calculation (a), (a) courting the decaying molecular ions
as dissociated products.
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FIG. 9. Tota1 ionization cross section OT& for He(2 $)
+ H as a function of relative kinetic energy. Solid line
with plusses for data points previous experiment (as
in Fig. 3). (Ref. 1); These experimental results are
relative. The absolute scale has been obtained by norm-
alization to the total cross section 0« for He(23$)+ H
system calculated at 0.04 eV. ~ experiment, Howard
et al. (Ref. 11); Dashed line, classical orbiting approxi-
mation, Miller et al. (Ref. 2} recalculated. at low

energy; Dash-dot-dash line, semiclassical theory, Co-
hen and Lane (Ref. 6}with 7 from Miller et al. (Ref. 2)
and I'2g&—- I'23& from Miller et al. (Ref. 8), '. Dash-double-
dot-dash line, semiclassical theory, Cohen and Lane
{Ref.5) with V* from Miller et al. (Ref. 2) and I' from
Fujii et al. (Ref. 3); + semiclassical theory Fujii et al.
(Ref. 3); quantum theory present calculation.
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A. Numerical solution of the Schrodinger equation

The radial Schrodinger equation describing the
relative motion of the particles is"

„R.+ —.E,—V*(R)+—I'(R) —,v, (R) =0,l(l + 1)

p
0.01 0.02 0.05 0.1 0.2

KINETIC ENERGY (eV)
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(1)
where v, (R) is a complex wave function. The real
and imaginary parts

FIG. 10. Ratio OA)/0 TI for He(2 '$) as a function of
relative kinetic energy. Solid line with plusses for data
points, previous experiment (as in Fig. 3) (Ref. 1);

experiment, Howard et aE. (Ref. 11);A experiment,
deduced from the electron spectrum of Hotop et al.
(Ref. 22); Dashed line classical orbiting approximation,
Miller et al. (R,ef. 2) recalculated at low energy (a);

semi-quantum theory, present calculation (a).
(a) Countirg the decaying molecular ions as dissociated
products.

v„(R)+iv„(R)= v, (R)

satisfy the system of equations
i

. d' 2v
[ ]

l(l+1) v„(R)
dR' @' R' v (R)

0 rR q, R

(2)

The experimental velocity dependences pf the
cross sections 0'„„0'», and vT, are similar to
those described in our previous paper. ' For fur-
ther comparison with theory they are shown in
Fig. 8 (o„, and op, ), Fig. 9 (o'T,), and Fig. 10 (o„,/
OT,).

IV. THEORETICAL APPROACH

The classical or semiclassical Jeffreys-Wentzel-
Kramers-Brillouin (JWKB) treatment of the He*
+ H system is expected to fail because the well
depths [0.4 eV for He(2'S)+H and 1.8 eV for
He(2'S)+ H] are much larger than the kinetic ener-
gy of the system (0.015-0.1 eV).

The criterion of validity of the JWKB approxima-
tion is dt's/dR «1, where + is the generalized de
Broglie wavelength of the system. In the first
approximation where the autoionization width I"(R)
is small compared to the incoming channel poten-
tial V*(R), k is given by

k = ig/(2 p, [8,—V*(R) ] —l (l + 1)/R']' ~ ',

Instead of using the Numerov or Runge-Kutta
method to solve the coupled equations, we have
generalized the method described in Ref. 17 to
the case of a differential system. The interest of
this method is its easy programming and its short
computing time.

The wave functions v»(R) and v„(R) are gener-
ated step by step (a step of 0.01 a.u. is satisfying),
and they satisfy the regularity condition at R =O.
At large value of R, amplitudes and phase shifts
converge rapidly towards the values A„and ~, ,
The'asymptotic expression for the wave function
is therefore

v, , (R) ~ A„sin(kR- ,'le+ 6,,), i =1,2—
gv Ie

which can be written as a linear combination of
spherical Bessel and Neumann functions

(4)

v~~(R)„„A„kR[j,(kR) cos6« —n, (kR) sin&, , ]. (5)

Amplitudes A,-, and phase shifts &„are deduced
from the position R, , of the zeros and R„of the
maxima of the asymptotic expression of v„(R) giv-
en by formula (5). They are, respectively,

where E, is the initial relative kinetic energy of
He~+H and p, is the reduced mass of the system.
If X and consequently V*(R) varies only slightly
with R, the system is close to being classical.
This may be true for the singlet, but it is not for
the triplet where the repulsive wall of V* is much
steeper than in the singlet case. Anyhow, in both
singlet and triplet cases, at the turning point Rp
+-~ and the- accuracy of the JWKB approximation
breaks down. Therefore, an accurate calculation
of the ionization cross sections requires a quant-
um resolution of the Schrbdinger equation.

v i r (kRFi)
kRm, fj, (kRm) cos&« n, (kRm) sin6-«] '

&, , =arctan [j,(kR'„)/n, (kRO, ] .

B. Total ionization cross section oT&
I

It is convenient to introduce the R matrix

v, (R)~ sin(kR —2lm) +~R cos(kR —xi'),

which gives by identification with formula (4)

(6)

(8)
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A„sin ~„+iA2l9)= (9)

Introducing formulas (6) and (7) into formula (9)
gives the R, elements of the R matrix. The real
and imaginary parts are, respectively,

(16)E;=E,+V+( ) —~(R),

where E, is the relative kinetic energy of He*+ 8,
and V'(~) is taken as zero, and E; is the relative
kinetic energy of He+ H Rgz is. defined as the
critical value such that

A'„sin&„cos &„+A',, sin ~,7
cos ~27

A„A2(( sin&2( cos6„- sin6«cos6»)

(10)
E;(R„~)= 0.

U E;(R„,) &0, an H' ion is produced, i.e., Penning
ionization takes place. If E;(R)& 0, a bound state
HeH is created, i.e. , associative ionization takes
place. Formula (1V) rather than formula

The total ionization cross section is obtained from E'(RA() =E (18)

g, = —,Q (2l+1)(1—IS( I ) (12)

where the S matrix is connected to the R matrix by

S, = (I +iR, )/(I —iR,),

in which we introduce formulas (10) and (11).
Calculation of o» is carried out via formula (12)

with V*(R) and I'(R) as defined in Secs. IVD and
IVE, respectively, for both systems He(2'S)+H
and He(2'S)+H.

C. Associative ionization cross section 0&&

R &R„„r„,(R) =0,

R &R„„ I'„,(R) = I'(R).

Thus, the coupling width I'„,(R) is extended over
the truncated range of R (R &R„,); beyond R„, only
the real part V*(R) of the complex potential is
kept. The wave function v, (R), amplitudes A,,
and phase shifts ~„ leading to the R and S matrix
are calculated numerically as for o~z.

The determination of R„, is based on the conser-
vation of total energy of the colliding system, as
is done in the classical theoretical approach for
the He*+Ar in Ref. 14. As the excess potential
energy is carried away by the ejected electron, its
kinetic energy is

e(R) = V*(R) —V'(R), (15)

where V*(R) and V'(R) are the incoming- and out-
going- channel potential curves. The conservation
of total energy is written

The Schrodinger equation (1) is solved by the
same method as in the case of o~z: the only dif-
ference between the o„, and o~z calculations is
that I'„,(R) replaces I'(R) in formulas (1) and (3).
The coupling width I'„,(R) is defined via the classi-
cal criterion4:

(where E„is the secondary maximum of the He
+H' potential curve resulting from the centrifugal
term) has been used, because in the experiment
the ions are detected several microseconds after
being created. Thus, most of the HeH' ions pro-
duced in the range (R ~([E,'(R„,) = 0], R„,[E,(R~()
=E ]] have enough time to dissociate by tunneling.

This approach to o„, enabled us to save comput-
ing time compared with the pure quatum oAz cal-
culation which requires the final wave function in
all the vibrational states of HeH'. However, we
stress that it is approximative in that it neglects
the "survival factor" which appears in classical
formulation.

D. Data

The total ionization cross section o» given by
Eq. {12)is seen to be a function only of V*(R) and
I'{R), while the associative ionization is seen to
be a function of V*(R) and I'(R), plus V'(R) via
formula (IV).

The incoming-channel potential curves calculated
by Miller et al. (MS), ' which seem more trustwor-
thy than the ones calculated by Fujji et al. ,' are
used in our calculations. An analytical form being
convenient, a least-squares routine was used to
obtain the best fit of a Morse potential in the well
and a screened Van der Waals potential beyond the
well, to the ten values of V*(R) calculated in Ref.
2 in the range 2 ~ R & 10 a.u.

As a quantum calculation of the cross sections
is performed in the present work, the range of R is
not bounded by the turning point Ro (which is always
larger than 2.2 a.u. for He*+8). In order to obtain
good accuracy in the calculation it has been neces-
sary to extend slightly the potential curves beyond
2 a.u. . Over this short-range region of R, we have
used an inverse power potential.

The analytical form is

V*(R}=C,/R'- C„R,&R &R,

Vw(R) ~ [e2 (1 R/Re) 2e (1 R/Re
&] R (R (R (19)

V*(R) = —C, [l+ (B+CR+DR') e" ]/R', R&R, .
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TABLE F. Values of the parameters in the analytic forms of the potential curves V*(R) for
He(2~S) +H He(23$+@ and V++) for He+ H+.

Parameter
(a.u. ) He(2 ~S)+H He(2 SS )+H

c,
C2

Re
Ct;
A
B
C
D
S'
R(
R2
R3

0.077 8094
0.075 554
0.014 098
2.061 1
5.543 4

135
1.60
8.444 353x 10+~

—2.547 79x 10+~

1.93x 10+6

1.3
2.5
7.0

0.971 967
0.184 873
0.069 35
1.996 9
3.501 5

85
0.80
9.537 6 x10+3

-4.345 2 x 10"
504.0

0.8
2.0
5.0

1.383 5

0.442
0.505
0,451

4.373 11

The potential parameters are tabulated in Table

The HeH' potential has been represented by an
analytic function by Helbig et al. ,

"
2 „~ R R2 1 8'

V'(R) =—s-"~" 1+—+——
B

R R2 - 2WR4
1+—+—+B C' n (2o)

The parameters have been determined by these
authors so as to have a reasonable agreement with
the Born-Oppenheimer energies calculated by
Michels~' and to pass through the value -0.075
Partree at its minimum in accordwith the accurate
variational calculation of Wolniewicz. The values
of the parameters are given. in Table I.

A =0.052 48 a.u. , B=0.9566 a.u. (21)

I'2's(R) as a function of R is plotted in Fig. 11, and
compared to the width obtained by MS.2 ¹ineteen
values of o„,/oTz corresponding to energies be

which is as close as possible to the four values for
I'(R) calculated by MS' for the He(2'S)+ H system
and simultaneously consistent with our experimental
o„,/eT, ratios. We have succeeded in using an ex-
ponential form as was previously proposed by
Bates et a/." The parameters A and B of I', s~(R)
=Ae " are those giving the best least-squares
fit to the four values of 1' given in MS' for He(2'S)
+H. They are equal to

E. Results for the He(2 S)+H system

1. Cross-section ratio. Determination of the width

for triplet I'23&(R)

10

10-2

I t l I l

As in our previous classical interpretation of
He(23S)+ Ar, '4 the o»/aTz ratio is used to deter-
mine the remaining unknown parameters, which
here correspond to I',s~(R).

We note that Miller et nL (MSS)' have calculated
aA, and oT, classically by using the four values of
1"23~ obtained by MS,' where o» contains all of
the resonance states of HeH' bound in the effective
radial potential, and where RA, is defined by Eq.
(18). On the other hand the interpretation of our
experiment determines R„, via E'I. (17). It follows
that if we calculate o«/o» just as in MSS' but us-
ing E'I. (1V) then the result will be smaller than in
MSS (0.2 for 0.15 eV). The latter is already smal-
ler than the experimental result (0.5 for 0.15 eV).
We have tried to find a coupling width I"2's(R)

10 3

10-6-
I I

0, 1. 2.
I I j. j . .„J.. . L.
3. 4. 5. S. 7. 8. 9

R (a, )

FIG. 11.Autoionization width I'(R) for He(2 3S) +
continuous line, pr es ent work; Double-dash line, Bell (Hef.
7); Miller et al. (Ref. 8); 0 Hickman et al. (Ref. 9).
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tween 0.01 and 0.15 eV have been calculated by our
method and they are shown in Fig. 6, They provide
a good description of the experimental ratio over
the range 0.015-0.10 eV.

2. Cross sections

The 19 values of the Penning ionization cross
section 0» and of the associative ionization cross
section zz„, calculated with criterion (17) are
plotted in Fig. 4. Our experimental results are
relative; the choice of the parameters' and Bof 1 23

leads to absolute values of the cross sections,
referenced on the absolute scale which is given on
the right-hand side of each figure. Our experi-
mental total ionization cross section o» has been
normalized to our theoretical cross section at
around 0.04 eV energy for which the dispersion of
the experimental points is the smallest. The 0»
theoretical values are plotted on Fig. 5. A very
good agreement between the theory and experiment
is observed.

F. Results for the He|'2'S) + H system

1. Cross-section ratios —detenninution of the width

for singlet I"2 i&(R)

The ratios zzTz(2 zS)/o T,(2 'S) and zz„,/eTz for
He(2 'S) + H have been obtained experimentally.
Knowing these two ratios enable us to determine
I'2ze(R). This later has been found varying expo-
nentially with R as was I;&e(R) and the pa-
rameters A' and B' such that I'2ze(R) =A'e s
are equal to A'=A/1. 04 and B'=B, where A and
B are the parameters of I', Se(R) given by formula
(21). We can therefore conclude that the approxi-
mation I;is = F, &~ used by Cohen and Lane' was
not so crude as we previously suggested. ' The
ninet:een calculated values of o»(2 zS)/e»(2'S) and
of o'„z/zzTz are plotted in Figs. 7 and 10.

2. Cross sections

The absolute values of the cross sections for
He(2'S) results from the normalization of our ex-
perimental oT, for He(2'S)+H. The values of o'„z,
0 p J and of +TJ are shown, respectively, in Figs.
8 and 9.

While we satisfactorily Ireproduce the experi-
mental data on o„„we can observe in our calcula-
tions of o'» a jurnp at 0.025 eV. This pheriomenon
is reflected in the calculated values of 0'», and of
the ratios o»/zzTz, and eTz(2zS)/eTz(23S). In order
to clarify this point, we have calculated eight more
values of 0'» in the low-energy. portion. We then
find peaks in the calculated values at 0.010 and
0.024 eV. Each peak is generated by one partial
wave with high orbital angular momentum l and the
corresponding partial cross section o, takes a

high value. At 0.01 eV, the orbital momentum as
13 and at 0.024 eV it is l =19. This phenomenon
is typical of orbiting.

V. DISCUSSION

A. Error analysis

A possible source of errors is the determination
of the zeros of the time scales of the TOF spec-
tra. Two determinations are necessary: the zero
of the He~ TOF spectrum time scale and the zero
of the ion TOP spectrum time scales. An error of
1 or 2 izsec (the channel width) is possible, result-
ing in an uncertainty in the He* velocity v of less
than 2%. Because the ratios o„z/o» and e»(2zSI/
zzTz(2'S) are obtained withoutusing the He* TOF spec-
)rum, this error does not affect their values, while
such an error in the relative position of the zeros
of the two time scales of He* and ions would re-
sult in uncertainties in the value of the cross sec-
tions of the order of 10'. The dispersion of the
points in Figs. 3-10 illustrates the precision of
the measurements. In the case of o»(2'S),
a»(2'S), and zz»/eTz(2'S), one has to take into ac-
count in addition, the precision of the measure-
ment of the transmission modification (see Sec. II)
which is 10%. In the case of o„„an additional un-
certainty -5' is introduced as a consezluence of
subtracting two TOF spectra using the dissociation
coefficient (see Sec. IIIA).

Calculations of cross sections are extended to
value of l such that the precision on the amplitude
A«and the phase shift 5« is better than 10 4 (hA, ,/
A„=g5, ,/5, , =10 '). The resulting cross-section
precision is 40/o =5.10 '. The number of angular
momenta l taken into account is never more than
60.

B. Experiment

Until now the measurements of o» made in other
laboratories have been carried out without velocity
selection and were consequently averages over the

. velocity distributions of the colliding atoms. This
is the case for the oT,(2'S) of Shaw ef al. ' ob-
tained in a flowing afterglow at 300'K, which is
found to lie below our result (see Fig. 5), and for
o», o», and o» (2'S and 2'S) of Howard et al.zz

at 0.3V eV. Since this energy is located outside of
our range of measurement, we can only say that
the points of Howard et al. seem consistent with
the extrapolation of our cross sections (see Figs.
4, 5, 8, and 9).

The only measurexnent for which the relative ki-
netic energy is well defined concerns o»(2 'S) made
by Magnuson et al."in a merging beam set up at
0.1 eV; a second measurement was carried out at
1 eV but does not appear on our figures (see Fig.
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4). The other points given in Ref. 12 are for deu-
terium. The agreement between our cross sec-
tion cr„,(2'S) and that of Magnuson et al. is very
good.

The values of o«/o~, for He(2'S) + H reach 52%
at 0.015 eV (Fig. 6) which is much larger than the
24'/o reached by a»/o» for He(2'S) + H shown in
Fig. 10. As in Ref. 1, we have deduced from the
Penning electron, spectrum of Hotop et al."a value
of o„,/or, for He(2'S)+ H at 0.06 eV which is in
agreement with our curve. These ratios point out
the large difference between the He(2'S)+ H sys-
tem and the He(2'S)+ H system. The origin of this
distinction is the quite different well depths of the
two incoming-channel potentials since the widths

2 &s a d ~2 3s are nearly the same. This differ-
ence is also evident in the o'»(2'S)/c'»(2'S) ratio
which reaches 2.2 at 0.015 eV. The value published
by Hotop et al. at 0.06 eV is slightly smaller than
ours.

C. Theory

It can be seen on Figs. 4, 5, 8, and 9 that in any
case, the classical orbiting approximation cannot
provide a satisfactory interpretation of Penning
processes. At low energies we have recalculated
the cross sections o«, c», and a» for He(2'S)
and He(2'S) with the orbiting formulas of MS.' A
general overestimation is observed for o„, and
a» in the He(2'S) and He(2'S)+ H systems; for
o», even the energy dependence is different from
that of the experimental curve. However this sim-
plified model is interesting because the formulas
giving o~z and o» can be formally inverted in a
simple way and lead to V&(R} and V'(R). But its
inadequacy appears clearly on Figs. 6 and 10 where
we represent the a»/o» ratios which have the ad-
vantage of eliminating the problems of the absolute
value of the cross sections [except the values of
the secondary emission coefficients y(2'S) and
y(2'S) t. However we do not question the poten-
tial V*(R) which was calculated by MS' and which
we used.

By a semiclassical method, Fujii et al. ' and
Nakamura calculated o«and oAz cross sections,
respectively, from the potentials V*(R) and widths
I'(R) calculated in Ref. 3. A satisfactory agree-
ment is observed in the He(2 'S+ H) case with our
o~z cross section (see Fig. 5) while in the He(2'S)
+ H case, their o» cross section is much smaller
than ours. Their He(2'S)+ H potential curve,
which shows a pure repulsive shape, seems to be
too far from reality. Let us note that the He(2'S)
+ H potential curve calculated by MS, ' has a well
depth of 0.4 eV; in the case of He(2'S)+ H, the
well depth of V*(R) calculated by Fujii et a/. ' is

1„(R)=1(R),

R&R„,, I'p, (R) = 0.
(22)

The comparison between the values of the total
cross sections obtained by o~z+ o„, and the values
of the total cross sections o«obtained directly
(Sec. IVB)gives us an upper limit for the error due
to the neglect of the survival factor. The o'pr+ ozz
cross sections are higher than o~z cross sections.
This effect causes an overestimate of o». the
upper limit for the error is 11%at 0.015 eV and 4%

1.1 eV while the one calculated by MS' is 1.8 eV.
In 1972, Miller, Slocomb, and Schaefer (MSS)'

used a classical method to derive the o» and o»
cross sections for He(2'S)+ H system, after having
calculated the corresponding width I'»~(R). They
used the potential of MS' and the same criterion
as Nakamura to define BAz. The agreement be-
tween their results and ours is limited to o~, (see
Fig. 5); their v» cross section is smaller than
ours, by a factor of 2 at 0.03 eV (see Figs. 4 and
6). Furthermore, they include in &r» all the de-
caying molecular ions bound in the rotational bar-
rier of the effective HeH' potential, while in our
experiment they have enough time to dissociate
before being detected. Then the corresponding oAz
would be still smaller than the previous one. No
gesults have been published on g« for He(2'S)+H
in our kinetic-energy range.

In 1973, Cohen and Lane' used the potentials of
MS' and the width I'23' of MSS' for He(2'S)+ H and
He(2'S)+ H. Their approximation of I'»~ by I"»~
was not drastic as can be seen by the fact that
we obtain here I",~~ ——1,3,/1;04. By a semiclassical
JWKB method they obtained the o~z cross sections,
and in the case of He(2'S)+ H the agreement with
our a~, cross section is good (see Fig. 4). How-
ever in the case of He(2'S)+ H, the agreement is
limited to the energy dependence, the absolute
value being about 20% higher than ours (see Fig.
9}. This difference can also be seen for the
(r~, (2'S)/(r~, (2'S) ratio in Fig. 7.

The absence of results for a„,(2 "S) and the lack
of harmony between o»(2'S) of MSS' and our ex-
perimental data encouraged us to find a numerical
solution of the Schrodinger equation with a corn-
plex potential V*(R) —2fl'(R). The calculation of
the associative cross sections o», using a trun-
cated width neglects the survival factor which ap-
pears in the classical approach of Miller. " In
order to point out the influence of the neglect of
the survival factor we calculated the Penning ion-
isation cross sections o» with a truncated width
I'p, (R) replacing I (R) in formulas (1) and (3). The
coupling width I'»(R) is defined via the classical
criterion.
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at 0.1 eV for the singlet, and 20% at 0.015 eV and
10% at 0.1 eV for the triplet.

In order to underline the effect of the shape of
the width I'(R) on the cross section we have cal-
culated o» and e» using the classical formulas
of Miller' with the partition of I'(R) into I"»(R)

and I „,(R) on both sides of R„» R„, being de-
fined as in Sec. IVC.

o =2s ~db 1—exp —2 @,(23
"r(R) dR

V~ R

O~q- 4m

ski I'(R) dR
IE:V~(R)

(24)

We have introduced in formulas (23} and (24) the

R„, criterion of Miller [decaying molecular ions
included in g„, formula (18)j and the same data
for V"(R), V'(R}, and 1(R) as we used in Sec. IV
of the present paper formulas (19), (20), and (21).
We have therefore obtained a total ionization cross
section o»(2'S) equal to within 5% the o»(2'S) of
MSS, while the associative ionization cross sec-
tion o„,(2'S) is larger than MSS's one by factors of
1.6 at 0.015 eV and 1.35 at 0.1 eV. This fact is not
surprising, the o«cross section being more sen-
sitive thaxi o» cross section to transition taking
place at short range. In order to point out the
difference between our semiquantum calcula-
tion and classical results we calculated the
classical cross sections o» formula (23) and o„,
formula (24) with our R«criterion [decaying mo-
leculaire ions dissociating before detection formu-
la (17)] and with the same data for V*(R), V'(R),
and I" (R) as we used in Sec. IV formulas (19)-(21).
We obtained the classical total ionization cross
section cr,(2'S) and or, (2'S) equal to our calcu-
lated cross section, but the classical associative
ionization cross section v„,(2'S) and a„,(2'S) are
lower than our estimation 35% smaller at 0.015
eV and 25% smaller at 0.1 eV for o»(2'S) and only
15/0 smaller at 0.015 eV for o„,(2'S).

A very recent calculation of Hickman et al.'4 has
been carried out in the classical framework. They
reproduce exactly our experimental ratio v„,/o~,
for He(2'S)+H after having calculated I',is. By
using their I',3, previously published, ' they cal-
culate the ratio a„,/o' r, for He(2'S)+ H which is

found 40'% and 20% smaller than our experimental
ratio at 0.02 and 0.10 eV, respectively.

APPENDIX: RESULTS ON D

We have measured the Penning and associative
ionization cross sections for He(2'S)+ D and He(2'S)
+ D. The experimental conditions were the same as
in the hydrogen measurements. The only difference
was that we found that the dissociation coefficient
of deuterium measured in the beam was higher
than in the case of hydrogen and so the experiment
was easier to run.

Since our experimental results are relative, we
cannot obtain the value of the ratio of the Penning
ionization cross sections for D and H. However
we observed that this ratio, describing the isotope
effect, is constant over the energy range consid-
ered.

Vfe have calculated quantum mechanica. lly these
cross sections, with the same data as were used
in Sec. IV for He*+8. We have observed that the
energy dependences of the cross section for D and
H are similar on the whol. e, although the calculated
points do not coincide exactly. It appears that the
isotope effects are slightly different for the triplet
and singlet systems, 1.1 and 1.2, respectively.

In a previous work"'we derived the o» cross
section for He(2'S)+D, via the Berkling correc-
tion formula to deduce v(v„) from the experimental
effective cross section o,«(v). In the present work
this step has been completely modified and im-
proved as described in Sec. IIIB . The o'p, (2 S)
cross section observed in Ref. 25 is found
to be slightly flatter than the one obtained here,
but is nonetheless consistent with the theoretical
values.

The works of Neynaber and Magnuson"'" study

oui 0py and or@ z in the 0.1—10-eV energy. range .
Their energy. range is located just outside of our
range of measurements; thus, we can only say
that their 0'p, cross section exhibits a decrease
with increasing energies not consistent with the
extrapolation of our cross section, while a good
agreement is observed for o„, for which one extra
value at 0.05 eV lies in the energy range which we
studied.
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