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and

g(Li')/g(Li') = 2.641 006. (6)

use of his recent data prior to publication.

The three hyperfine coupling parameters ob-
tained from Eqs. (3), using observed data in
Eqs. (4), are listed in Table I, together with the
implied value of a, y, . These numbers differ from
either set of computed values by roughly 2'.
The two sets of computed results, obtained by
very different methods, are in substantial agree-
ment with each other and with experiment. The
Bethe-Goldstone results (RKN) are within a frac-
tion of 1% of the best established experimental
data, (a, ~, and ~ for the Li' low-field level
crossing). The small discrepancy between this
calculation and the hyperfine parameters deduced
from experimental data is almost entirely due to
the difference between computed and observed
values of V,„(Li'). The computed data, in Table
I should provide useful predictions of those quan-
tities not yet determined experimentally.

The two independent computations, and avail-
able experimental data, indicate unequivocally
that a„ad;z, and a„b must be treated as indepen-
dent parameters. The practice of assuming a
fixed relationship among these parameters, ob-
tained from one-electron models, cannot be justi-
fied in the analysis of accurate experimental data.
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H+ + H MU TUAL NEUTRALIZATION CROSS SECTION OBTAINED WITH SUPERIMPOSED BEAMS*
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The ion-ion mutual neutralization cross section for H + H has been measured over
the barycentric energy range from 0.15 to 300 eV using a merged-beam technique. The
results are compared with theoretical calculations and with a recent higher energy ex-
perimental measurement. An estixnate of the thermal rate coefficient is made.

The ion-ion mutual neutralization cross sec-
tion has been measured for H'+ H using a su-
perimposed beam technique. The barycentric en-
ergy range of the measurements is 0.15 to 300
eV. This is the first measurement of this impor-
tant cross section at energies below 125 eV. The
data compare very favorably with the results of
Rundel, Aitken, and Harrison, ' who used beams
intersecting at 20', in the region of overlap.
There has been substantial theoretical interest
in ion-ion mutual neutralization, 2 ' and especial-
ly in the H'+H reaction. ' This system is

well suited for an experimental test of theoreti-
cal calculations because of its simplicity and of
the fact that the initial states are well defined.

The technique, which has been described in de-
tail elsewhere, ' involves merging the positive
and negative ion beams of different speeds by
magnetic deflection, and observing their interac-
tion over a known path length (see Fig. 1). Both
beams have laboratory energies E+ and E in
the keV range, but can have relative energies W

as low as 0.15 eV while in the interaction region.
After traversing the 30-cm interaction length
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in superposition, the beams are separated by
electrostatic deflection and collected in two Far-
aday cups. The neutral particles formed by ion-
ion neutralization, as well as a much larger
background of neutrals formed by electron strip-
ping and capture reactions of the beam ions with
the ambient gas, continue along the superim-
posed beam direction and are detected indirectly
by secondary electron emission. An electrical
chopping technique' is used to separate the ion-
ion neutralization signal from that due to beam-
baekground gas interactions.

The relative energy of the merged beams can
be varied over a limited range by applying a po-
tential to the electrostatic cage that surrounds
the interaction region, and over a larger range
b varying the energy and angle with which the
beams enter the merging magnet. Data from
overlapping relative energies for different angles
are in agreement.

The length I. of the interaction region is de-
fined by the two pairs of electric deflectors (Fig.
1). Subtracting the neutral current measured
when the beams are demerged at the first de-
flector from the current observed when the
beams are allowed to continue to the second pair
of deflectors yields the desired signal. No pres-
sure dependence' of this net signal was observed
when the background pressure was maintained
below 2&&10 ' Torr.

The ion-ion neutralization signal I, is propor-
tional to the product of the neutralization cross

section Q and the relative speed v . This prod-
uct is given by'

Qv = eIO(E+E /M+M ) '~'(4I J~ +Ly)

where M and M are the atomic masses and y
is the neutral-particle secondary-electron emis-
sion coefficient. I is the total negative beam
current, and Jz ' is the current density of the
(broad) positive beam in the region occupied by
the (narrow) negative beam (see Fig. 1). Thus
the overlap integral of the beams in the interac-
tion region, fZ J'dV, is approximated by J~'I L
This approximation and the modifications to Eq.
(l) required to account for the effects of chop-
ping both beams are discussed in Ref. 6.

Figure 2 shows the experimental results. The
solid dots represent the results of this research.
The vertical error bars are the standard devia-
tions of the four to ten separate observations at
each energy which were averaged to obtain the
point. The horizontal error bars in the low-en-
ergy region reflect an uncertainty due to imper-
fect beam collimation (discussed below). The
triangles are the results of Rundel, Aitken, and
Harrison. ' Their error ba.rs represent 90% con-
fidence limits for random errors. The short-
dash curve represents the Landau-Zener calcula-
tion of Bates and Lewis. ' The long-dash curve
shows results of a recent Landau-Zener ealeula-
tion by Dalgarno, Victor, Browne, and Webb. '

In making these measurements, the seeondary-
eleetron emission coefficient y was taken as the
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FIG. 2. Ion-ion mutual neutralization cross sections
versus velocity for H++H . Circles, this research;
triangles, Ref. 1; short-dashed curve, Ref. 2; long-
dashed curve, Ref. 3.

W = p. t(E'/M')'"-(E /M )'"]'+W (2)

where p. is the reduced mass and Wz- is the ef-

average of measured values for the coefficients
of the H' and H beams. It has been shown' that

y for beam energies of this experiment varies
only gradually with the energy and charge state
of the particle. We have observed that y's for H'
and H differ by only 15 to 25% over the range
of beam energies used, with H having the larg-
er value. Chambers' found y for H' to be 10%
larger than y for H' at 2.5 keV, and Tisone and
Branscomb' found y's for H' and H to be equal
to within +9 /0 at 2.5 keV. Thus the determina-
tion of y as the average of the H' and H coeffi-
cients should be accurate to within +10%. Be-
cause of the nearly linear dependence of y' and

y on energy, the average y is not affected by
placing a voltage on the electrostatic cage.

Because of the deamplification effect' of the
merged-beam technique, the energy spreads (-3
eV) in the dupolasmatron-produced ion beams"
are negligible in the center-of-mass system.
However, as the relative energy of the beams is
decreased below 1 eV there is an uncertainty in
the relative energy of the beams caused by veloc-
ity components transverse to the beam direction
(imperfect collimation). To account for these ef-
fects, we define the relative energy as

fective low-energy limit due to transverse veloc-
ity contributions. The effective relative velocity
v„used in Eq. (1) to compute the cross section
from the signal, is obtained from v, =(2W/p)'".
Estimates of WT using an approximation based
on the collimator geometry" yields Wz in the
range 0.05 to 0.25 eV. Use of 8'z ——0.2 eV gives
a velocity dependence of Q that reaches 1/v, ' at
the lower energies. Since we expect 1/v, ' to be
the limiting velocity dependence of Q as thermal
energy is approached, '

WT —-0.2 eV provides an
upper limit on the transverse energy contribu-
tion. When values of Wz less than 0.1 eV are
used, the result is a velocity dependence for Q
that decreases toward 1/v as the low-energy lim-
it is approached. Thus it is concluded that 0.1
& WT &0.2 eV. For the data points shown, 0.15
eV was used for Wz in Eq. (2). The low-energy
error bars were determined by using Wz ——0.2
eV on the right and 0.1 eV on the left.

Another source of possible error is the approxi-
mation used to determine the overlap integral. '
This determination may be in error by +15%. An
uncertainty in the interaction length L is present
because the beams are not demerged instantan-
eously at the deflectors. The 30-cm effective
length for L may be in error by +8%. The ion-
ion neutralization current Io is determined by in-
tegrating for periods up to 15 min. I, may be in
error by +15%. Other error contributions are
small. I is determined to within +4%, J„.' to
+6%, and E+ and E to +1 /0.

A possible, but unlikely, complication is the
fact that there are two possible reactions that
yield neutral particles: H'+H - H+ H (mutual
neutra. lization), and H++H —H'+H+e (electron
detachment). Thus in fact this experiment mea-
sures the cross section for mutual neutralization
plus one-half the cross section for electron de-
tachment. At the relative velocities covered in
this study the detachment reaction may be thought
of as proceeding through a. channel in which a
curve crossing takes place to a repulsive H,

'
state through an intermediate H, * excited state.
There is no direct crossing between H'+H and
H'+H. Transitions to the repulsive H,

' state via
curve crossings can only occur for impact pa-
rameters that are small (&2 A) compared with
those for the neutralization reaction (&5 A), and
the maximum cross sections are probably less
than 10 "cm' and thus are negligible in this ex-
periment. The good agreement of the present da-
ta with those of Rundel, Aitken, and Harrison, '
whose measurements did not include the electron-
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detachment cross section, further indicates that
this reaction does not contribute significantly to
the present measurements.

Added linearly, the possible errors sum to
+60%. The root-mean-square error determined
from these individual errors is +26%. We thus
assert that, except for velocities between 0.9
and 1.8x10' cm/sec, where the scatter in the da-
ta is substantially larger, the present results
should be correct to within +50%.

To obtain information about the low-energy
rate coefficient the solid curve through the data
up to 20 eV (Fig. 2) was determined by a. least-
squares fit of the data by the functional form Q
=A/v'+ B/v + C +Dv. This parametrization al-
lows the proper asymptotic behavior at low ener-
gies, and can be viewed as an expansion of the
Landau-Zener formula which describes such pro-
cesses. For the fit shown, A =9.2x10 ' cm'/
sec', B =6.3xl0 ' cm'/sec, C = —4.5x10 "cm',
and D =0.89 x10 "cm sec. The other curve
which joins the parametrized fit at about 10 eV
is an average curve through our data and those
of Rundel, Aitken, and Harrison. '

The low-energy temperature dependence of the
thermal rate coefficient n = (Qv ) can be estimat-
ed from the parametrization of Q given above by
Boltzmann averaging. The result is

n(T) = (2p/mkT)'"A +B
+2(2kT/pm)'"+ C + ~ ~ ~ . (3)

Using our values for A, B, and C yields n(300'K)
=4.0x10 ' cm'/sec. Error limits on n can be
estimated by fitting the results obtained by using
WT ——0.1 and 0.2 eV to the same functional form.
The result is n(300'K) = (4.0+ 1.8) x10 ' cm'/sec.

The agreement of the present data with the da-
ta of Bundel, Aitken, and Harrison' (see Fig. 2)
between 125 and 300 eV is seen to be quite good.
Since the two experiments are very different in
design and execution, this agreement increases
confidence in the results of both of these difficult
experiments.

The two Landau-Zener calculations show the
general characteristics of the measured cross
sections. They are both lower than the observed
values at low energies. Both have a minimum
and a maximum, but these are much less dis-
tinct than the major observed ones and occur at
different velocities. The Bates and Lewis' re-
sults are lower than those of Dalgarno, Victor,
Browne, and Webb, ' which are based on more ac-
curate potential curves for the H, molecule. "
The Dalgarno et al. results exceed the experi-

mental ones between about 5 and 100 eV where
the experiment shows a minimum. Between 100
and 2000 eV, the Dalgarno et al. calculation is in
good agreement with experiment, except that the
calculation does not predict the observed minor
structure. In this region Bates and Lewis are a
factor of 4 lower than the experimental results.

The fact that the results of Landau-Zener cal-
culations do not agree exactly with the present
data is not unexpected. Several workers" "
have questioned the validity and accuracy of the
Landau-Zener formulation, and it is predicted
that this formula will tend to underestimate the
cross section. The disagreement in slope be-
tween the calculated curves and that of Rundel,
Aitken, and Harrison above 1000 eV is also ex-
pected as a result of the invalidity of the Landau-
Zener theory at these high energies.

Victor' has also used a close-coupling theory
for this reaction, obtaining a cross section which
is a factor of 5 smaller than his Landau-Zener
calculation at thermal velocities, and which is
larger than the experimental results by 20% at
200 eV. At higher energies the calculated cross
section decreases much less rapidly with energy
than do the experimental results. Final results
of this calculation are not yet available.

The experimental data show two maxima and
two minima in the cross section. The broad mini-
mum at low velocity can be associated with the
minimum predicted by both Landau-Zener calcu-
lations. The other extrema are considerably
sharper than any theoretically predicted ones.
Apparently at higher velocity there is a broad
maximum upon which are superimposed two mini-
maxima and a minimum. In addition, there is
considerable scatter in the data between v = (0.9
and 2.3) x10' cm /sec, which could obscure or
even be caused by additional structure. The
three observed extrema are roughly evenly
spaced in reciprocal velocity, and may be simi-
lar in origin to the oscillations seen in other cas-
es of charge transfer or energy transfer. " As
shown in Fig. 3, if the peaks are numbered by in-
tegers N and the valleys by half-integers, and the
theoretical intercept" Np: 8 is assumed, all the
clearly identifiable extrema fall on a linear curve
with the slope v, =dN/d(v ') = 4x10' cm /sec =0.2
a.u. The maximum amplitude of the oscillating
contribution appears to be about b, Q

=—(2-3) x10
cm' =80-120 (a.u. )', which is of the order of the
geometric cross section to be expected for the
crossing at R —= 11 a, .u. resulting in H(ls) +H(n
=2). This a.mplitude is probably much too la, rge
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in Fig. 2.
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FIG. 3. Plot of the indexing numbers N of the maxi-
ma and minimum versus v~ '. Closed circles, this re-
search; closed squares, Keever et al.

to be associated with the H(1s) final channel, and
the characteristic velocity v, is entirely different
from the va.lue u, =2.1x10' cm jsec =1 a.u. ob-
tained from the oscillations seen by Keever,
Lockwood, Helbig, and Evehart" in the reverse
reaction H(ls)-H'+H (measured for 1.5' and
3.0' scattering). The spacing of the oscillations
in both forward and reverse reactions should be
the same, and is related" to the average value
of the difference potential AV(R) between two
states responsible for the different available tra-
jectories inside the crossing at R

2vv0=2h 'J bV(R)dR —= 2h 'R (AV). (4)

Assuming R =11 a.u. , we find (b, V) —= 0.06 a.u.
=1.6 eV, which appears quite reasonable if AV

represents the distance between the largely Cou-
lombic B state and the majority of the other, non-
ionic, states dissociating to H(ls) +H(n =2).

Another possible, although less likely, source
of this structure is the variation of interaction
energies with nuclear separation. Bates" and
Mordinov and Firsov" have shown that inclusion
of this effect in a Landau-Zener calculation can
lead to two maxima in the cross section.

We are indebted to Dr. Felix T. Smith and Dr.
R. E. Olson for their aid in the interpretation of
the observed structure. We wish to thank Dr. G.
A. Victor and Dr. A. Dalgarno for communicating
their unpublished results to us, and for permit-
ting the inclusion of their Landau-Zener results
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