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Metastable fractions of fast He atoms produced by electron detachment from He ions
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The metastable fraction of He atoms produced by electron detachment from He ions in
single collisions with H2, He, N&, Ne, and Ar has been measured in the energy range 25-400
keV by the beam-attenuation technique, using H2 as attenuation gas. These data support ear-
lier results, pointing to the existence of a bound, long-lived doublet state of He . Further,
the electron loss and deexcitation cross sections for metastable He atoms in He, N&, Ne,
and Ar have been measured individually at 50 keV, and it is shown that the deexcitation
cross section is comparable to the electron-loss cross section.

INTRODUCTION

Recently, the He ion has been the subject of a
number of investigations dealing with either forma-
tion, ' destruction' ' (electron detachment), or life-
times, and fine structure" of this ion which exists
in metastable, doubly excited states only. '

The electron-detachment studies of He, includ-
ing both collisional' ' and electric-field detach-
ment, '9'0 have been concentrated on either the
total-detachment probability" ""or the relative
probabilities of producing metastable and ground-
state He atoms. ' In the latter type of experi-
ments, metastable fractions of about 70% or less
have been found. The lifetime studies have, on

the other hand, shown that two quite distinct life-
time components of 10 and 350 p, sec are present.
These lifetimes have been associated with the J

2, and J = 2 fine-structure components of the
lowest doubly excited quartet state 1s2s2P 'P',
which is known to be bound' and metastable against
autoioniza, tion as well as radiative decay. This
identification has, however, been questioned' on
the basis of the mentioned measurements of meta-
stable fractions, and the suggestion has been made'
that the short-lived component should be associ-
ated with the lowest doubly excited doublet state
1s2P' 'P', which is metasta. ble against autoioniza-
tion. The existence of this state has been assumed
previously to explain single capture by fast ground-
state He atoms in metal vapors. "

The present experiment is an extension of our
previous study of the production of metastable He
atoms by collisional detachment from 50-keV He
ions in H, . The energy interval is 25-400 keV and
the investigated detachment gases are H„He, N„
Ne, and Ar. The metastable fractions were mea-
sured using the beam-attenuation technique" with

H, as attenuation gas since this has been shown to
give the true metastable fraction. ' At the highest
energies, where electron-exchange reactions are

negligible, the metastable fractions will give in-
formation about the initial-spin state of the He
ion. At the lower energies, on the other hand,
electron exchange causes the metastable fraction
to decrease at different rates for the different de-
tachment gases, as will be seen by the experimen-
tal results.

Since our conclusions on the initial-spin state of
the He ion reported on previously' relied on a cor-
rect measure of the metastable fraction, we in-
vestigated the attenuation process itself by using
attenuation gases other than H, .

In a series of experiments at 50 keV, He, N„
Ne, and Ar were used as attenuation gases while

H, was used as detachment gas. These measure-
ments allowed the separate determination of the
electron-loss cross section and the deexcitation
cross section for metastable He atoms in He, N„
Ne, and Ar at 50 keV.

EXPERIMENTAL PROCEDURE

The experimental arrangement was the same as
that described in a previous article. 4 A schematic
is shown in Fig. 1. He ions are produced in the
charge-exchange cell and selected electrostatieally.
The negative ions are partly neutralized in the de-
tachment cell. In the last part of the apparatus,
the metastable fraction of the resulting neutrals is
mea, sured by the attenuation technique described
by Gilbody et al."

Briefly, in the approximation used by Gilbody
et a/. ,

" if the initial neutral beam, of intensity IO,
contains a, fraction f of metastable atoms, then its
intensity after passing through an attenuation ga, s of
thickness p. is

I=(&-f)~oexp(- goo, )+fIoexp( yco~,), -
where 0

Oy and o,~, are the one -electron-loss cross
sections for ground-state and metastable atoms,
respectively. If o,~, »0„, then the two exponen-
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yield the true metastable fraction f of the neutral
beam. Instead, it will give an apparent fraction 4,
related to f by
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FIG. 1. Experimental arrangement.

tials are easily resolvable in a plot of 1n(l/Io)
against p, and a value of f is obtained.

Our experimental work can be divided into two
separate sections: (i) the investigation of the frac-
tion of metastable He atoms produced by collision-
al electron detachment from He; (ii) the investiga-
tion of the assumptions used in the simple analysis
of the attenuation method. These will now be dis-
cussed in turn.

(i) ln our previous investigation, ' we were able
to show that when H, is used as attenuation gas, the
above simple analysis gives the true metastable
fra, ction f. Therefore, in the investigation of the
metastable fraction of He atoms resulting from col-
lisional detachment, H, was always used as atten-
uation gas. The fractions produced by electron de-
tachment in single collisions of 25-400-keV He
were measured with the detachment gases H„He,
N„Ne, and Ar.

The single-collision value of f was obtained by
measuring f(p, ) as a function of detachment-gas
thickness p near the single-collision region and
then extrapolating to g =0 to obtain f (0), as de-
scribed in Ref. 4.

The size of the apertures used in this experiment
was such that neutral particles scattered through
angles larger than 2.5 mrad in the detachment-gas
cell would hit the entrance aperture to the attenua-
tion-gas cell. The influence on the measurements
of this small acceptance angle was studied at 50
keV for a low and a high Ar detachment-gas pres-
sure by varying the acceptance angle from 2.5
mrad to 0.7 mrad by means of a set of movable slits
situated between the two vacuum chambers of the
experimental arrangement. No variation of f (II, )
was found, so it was concluded that the measured
values of f(0) are representative of the total neu-
tral beam.

(ii) The second part of the experiment was an in-
vestigation of the attenuation method itself. The
basis of this method has been discussed in detail
by Vujovic et al." They show that if the excitation
cross section 0«~ for ground-state atoms and the
deexcitation cross section Op~p for metastable atoms
in the attenuating gas are not negligible compared
to 0 oy and Dog y then the attenuation method w'ill not
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FIG. 2. Apparent metastable fractions C of 50-keV He
beams prepared by electron detachment from He in H 2
at various detachment-gas thicknesses. The apparent
metastable fractions were measured as explained in the
text, using different attenuation gases: ~, H2, 6, Ar;
R, N2, O, He;+, Ne.

0.5

The rate of decay of the two exponentials seen
in the attenuation data is given by o o+y+ apso and

0„+Opp~ for the metastable and ground-state com-
ponent, respectively. " Only in cases where vp p

or a~~ are negligible compared to the correspond-
ing electron-loss cross section will so~, or o'„be
measured in this type of experiment.

Qilbody et al."used different attenuation gases in
order to check that apgp and +ops were negligible
and found no variation in metastable fraction within
their experimental accuracy. However, the meta-
stable fractions they measured were 25~//0 or less,
whereas in the present work, the fractions are
about 70/o, so that a more sensitive check is possi-
ble.

As we will discuss below, our results show that
the metastable fraction does depend on the attenua-
tion gas so that 4 rather than f is being measured.

At a fixed energy of 50 keV, apparent metastable
fractions 4(Ij.) were measured using He, N„Ne,
and Ar as attenuation gases. In this part of the ex-
periment, the detachment gas was always H, . Once
again, a variation of the metastable content of the
He-atom beam could be achieved by varying the
detachment-gas thickness g.

The experimental values of C (g) are shown in

Fig. 2 together with the previously published4 true
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metastable fractions found using H, as attenuation
gas. The fully drawn curve through the H, data is
the best theoretical fit to these. 4 Curves with the
same shape as this have been drawn through the
experimental points for the other attenuation gases
used. The figure shows that 4(y, ) is proportional
to f (p, ) or, using Eq. (1), that v«~ is negligible
compared to Op~a+Oooo in the attenuation gases
used. This result is consistent with the fact that
the metastable fraction of neutrals is very small
at charge-state equilibrium in He, N„Ne, and
Ar at these energies, '4 implying that the total prob-
ability of producing metastables is much less than
the probability of destroying them. The ratio be-
tween 4(g) measured in one of the attenuationgases
He, N„Ne, or Ar and f (p. ) measured in H, is then
given by

He

Oo~t+Oo~o
(10-"cm')

Present work 60 + 6 32+ 3
Gilbody et al a 34 39
Tawara 50 20

100+ 10
95

148

00~ (10 cm ) Present work 8.3+ 0.3 9,2+ 0.9
Gilbody et al .' 5.8 10
Tawal a 5.0 12

10+ 1
12

aReference 12,
"Reference 15.

TABLE I. Comparison of the present values of the
metastable destruction cross section o'0 &+0'0 0 and the
ground-state, one-electron-loss cross section 0'p[ for
He atoms at 50 keV with those of other workers. The re-
sults of Gilbody et al . (Ref. 12} and Tawara Qef. 15)
have been read from figures, and in the former case,
for Ne and Ar, have been extrapolated from 60 keV.

&o+z +ox

~pk 1 ++080 pl
(2)

where the cross sections apply to the particular
attenuation gas used.

It is possible to extract the cross sections Op~,
and 0'o+p individually from this ratio because oog]
+0'p~o and o'„are known from the attenuation data
used to determine 4 (p) or from previously pub-
lished attenuation experiments. "'"

It should be noted that our analysis is still an ap-
proximation since„as normally accepted, we as-
sume that electron capture and double loss can be
ignored at the present energies.

For the lighter gases, attenuation due to scatter-
ing was less than 15% at the highest pressures
used but was very severe in thecases of Ne and Ar,
being a maximum of 50% and 80/o, respectively.
However, in each ease, this attenuation was linear
on a semilog plot, showing that the scattering will
not influence the measurement of the metastable
fraction. As an extra check, oo+, +oo~p and op,
mere found for He, Ne, and Ar by correcting the
curves for the scattering loss. In Table I, the re-
sults are compared with those of previous workers,
where it can be seen that the agreement is satis-
factory, particularly for Ne and Ar, where the cor-
rection was large.

RESUns Axo Drsmssrox

In order to avoid confusion, the results will be
discussed in two parts, corresponding to the two
sections of the exper iment previously described.

(i) The measured true metastable fractions f(0)
produced by the various detachment gases are
shown in Fig. 3. Since the ratio between the loss
cross sections for metastable and ground-state He
atoms in H, decreases in the present energy
range, "the attenuation method is more precise 3t
the lower energies than at the higher ones. This is

reflected by the error bars shown in Fig. 3, which
range from +5% at the lowest energies to +10% at
the highest. The systematic error is estimated to
be less than 5%.

The energy variation of f(0) is very different in
the various detachment gases used, as is seen in

Fig. 3. While there is a weak minimum between
50 and 100 keV in H, and a plateau in the range
25-100 keV in N„ f(0) rises monotonically in the
other gases in the present energy range. For low
energies, f (0) depends strongly on the detachment
gas used. At 25 keV, for example, values of (63.0
+2.5)% and (35.5 + 2.5)% are found in H, and Ne,
respectively. At high energies, however, f(0) ap-
proaches the same value, 70-80%, in all detach-
ment gases. In a previous study, in which electric-
field detachment was used, ' the same metastable
fraction (71+2)% was found. It was concluded' that
this fraction is characteristic for the population of
the spin states of the He ions entering the detach-
ment cell, and it was further suggested that the
short-lived component of He should be associated
with the [(Is2P, 'P), 2P]' 'Pstate and the long-lived
component of He should be associated with the
1s2s2p P' state.

A simple model, in which it is assumed that this
identification of the two lifetime components of
He is correct, was developed to explain the ener-
gy variation shomn in Fig. 3. Within this model,
electron detachment from He ions in the I ' state
leads to metastable He atoms only, while electron
detachment from He ions in the [(Is2P, 'P), 2P]'P'
state leads to ground-state atoms in half of the
events and to metastable He atoms in the rest, ac-
cording to whether the two remaining electrons
have antiparallel or parallel spins. The He life-
time studies have shown that the two components
of He are initially populated to approximately the
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FIG. 3. Energy variation of the metastable fraction f(0) of He beams prepared by electron detachment from He iong
under single-collision conditions in H2, He, N&, Ne, and Ar. Fully drawn curves are semiempirical theoretical results
calculated as explained in text. 4, experimental results.



PEDERSE N, SIM PSON, AND HVEI PI UND

same degree. " The present model will thus pre-
dict a metastable fraction of approximately 75/o at
high energies where exchange reactions can be
neglected. However, for lower energies, where
such reactions attain their maximum value, f (0)
deviates appreciably from 75% in so me gas~s.
This is explained by introducing into the model the
quenching mechanism first discussed by Hughes
and Kisner' in connection with destruction cross
sections for metastable hydrogen atoms. According
to this mechanism, ground-state He atoms are
formed by electron capture to the ground state of
the He' core which, during a collision, will be
screened to a small extent only by the two excited
electrons. The cross section for this indirect de-
tachment process is assumed to equal the electron-
capture cross section for He' ions. The last as-
sumption, which has to be made in order to make
it possible to calculate the energy varia, tion of f (0),
is that the cross sections for the direct detachment
processes discussed above all vary in the same
way with energy in the present energy range. Since
the binding energies of the electrons involved are
appro. -.imately the same, this assumption is prob-
ably satisfied.

The probabilities P* and P of producing meta-
stable and ground-state He atoms by electron de-
tachment from He under single-collision condi-
tions are thus given by

P = p (o yog+o
. yog) yi

P =&(o-io+oio) ~

where p, is the target-gas thickness measured in
units of cm ', a'»~ is the electron-detachment
cross section for He ions in the 'P' state, a",p~
and a" „are the electron-detachment cross sections
leading to metastable and ground-state He atoms
for He ions in the 'P' state, and a„ is the total
electron-capture cross section for He+ ions.

The metastable fraction f (0) is now given by

g

f(0) -104 10+
P

+Pa�]pg+cr]Q/+ayp+a]p

detachment cross section"" and the total elec-
tron-capture cross section"'" as well. as the val-
ue 0.71 for f„(0) found in our previous work. '

The excellent agreement between the experimen-
tal results and the curves in Fig. 3 strongly sug-
gests that the model used is essentially correct.

(ii) The results of the measurements at 50 keV,
in which apparent metastable fractions were ob-
tained in the attenuation gases He, N„Ne, and Ar,
with H, as detachment gas, are shown in Table II.
The va.lues of If [Eq. (2)] and the corresponding un-
certainties were obtained directly from Fig. 2,
while the values of apy and opgy+apgp are those of
Gilbody et at." The cross sections listed in Table
II show that deexcitation is a very important
quenching mechanism for 50-keV metastable He
atoms in the particular gases studied. The ratio
cr,~o/cro„, varies from about 0.9 in Ne to 0.18 in Ar.

This is in disagreement with the finding of Gil-
body et a/. " However, more recent data of Blair
et al."and McCullough et al. ' on the excitation of
He atoms using fast He(1 'S) and He(2 'S) atoms
show a remarkably large value of the cross section
for the process,

He(2 'S) + He(1 'S) -He+ He(4'S or 4 'D),

of the order of 10 " cm' at 50 keV. Using the
signer-spin conservation rule and their experi-
mental findings, Blair et al." show that this pro-
cess leaves the fast He atoms in the ground state
and so is part of the cross section ap~p. The re-
sults of Blair et al. and McCullough et al, ."apply
for excitation of the target to the n=4 level alone.
An estimate of the total deexcitation cross section
using the n. ' scaling rule yields a value of the or-
der of 10 " cm', in agreement with the present
findings.

Thus our results show that, at low energies
(probably less than 100 keV) for He, N„Ne, and
Ar targets, attenuation data do not yield ap~, but
the sum a, , +a, „which, for He, N„Ne, and
Ar is about 43%, 34%, 90%, and 18% larger than

Introducing the total electron-detachmen'. cross
section,

cf- j.p - lp + -1p+ —lp 1p

and the high-energy value of f (0),

f (0) = (o-sos + +-sos)/(&-zov +o"-xos +o-xo)

TABLE II. Electron-loss and deexcitation cross sec-
tions o'o

&
and Oo o in units of 10 ~' cm for 50-keV me-

tastable He atoms in He, N2, Ne, and Ar as found in the
present experiment. Values of the ratios R [Eq, (2)] are
also listed. The theoretical cross sections are calculated
in the classical-impul. se approximation of Bates and
Walker (see Ref. 22).

leads to He Ar

The fully drawn curves in Fig. 3 were alculated
on the basis of this formula by using available ex-
perimental values of the total collisional electron-

ogo
~ops
Oo t {Theor)

0.63+ P.02 0.70+ 0.02 0.38+ 0.04 0.83+ 0.02
10+2 28+ 6 19+4 15+3
23+ 5 82+ 16 21+4 85+ 17

29 75 22 120
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a,~„respectively. The agreement between the
present experimental values of o,~, for metastable
He atoms and the corresponding theoretical values"
calculated in the classical impulse approximation

of Bates and Walker" and listed in Table II is gen-
erally better than that found earlier. " In particu-
lar, the discrepancy of about a factor of 2 at low

energies in Ne is removed.
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