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be excited to that state, then after 18 to 28 life-
times the number of excited atoms is between 10'
and 10', a number which in principle can produce
a detectable signal. (We point out, however, that
detection of emitted electrons of very low ener-
gies is by no means a trivial experimental proce-
dure. )

We close by bringing to attention the fact that
our NED formula is different from the ones found
in the work of Go1.dberger and Watson. " Our ap-
proach consists of taking 6'(z) = 1/(z —z,) with 0
& Rez &~ and Imz & 0, the emphasis essentially
being on the fact that the integration over the en-
ergy axis must start from I, (and not from —~)
and on the expectation that for autoionizing states
and especially those decaying via relativistic in-
teractions, the observable time evolution is due
to the behavior of G'(z) around Ep only.

In conclusion, the theoretical predictions de-
rived above suggest that there is a class of auto-
ionizing states for which NED effects might not
be prohibitively small for observation. Thus,
they provide a unique opportunity to test in atom-
ic physics the validity of a fundamental "law" of
nature. A theory and application of the physical

and mathematical properties of autoionizing
states and their electronic structure is presented
in a longer paper. '
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The long-range parts of the A, C 'Z ' excimer potentials of the He2 molecule have
been accurately dtermined from high-resolution differential-cross-section measure-
ments at the relative kinetic energy range from 18 to 140 meV. The barrier height of
the intermediate maximum of the A 'Z„+ potentials is 47'& meV at an internuclear dis-
tance of &.14+ 0.05 A. The long-range parts of the potential from the recent ab initio cal-
culation by Guberman and Goddard is always 5 to 20 meV higher than the potential deter-
mined from our experiments.

The lowest electronically excited or excimer
states of the rare-gas diatomic molecules have
recently been studied very intensively because of
the possibility of building tunable uv lasers. The
simplest case is the excimer states of the He,
molecule, from which lasing has not been ob-
served so far, but which are of considerable the-
oretical and practical interest. "

We have studied the long-range parts of the
A 'Z„+ and C '2,

g
helium excimer potentials in a

crossed-atomic-beam experiment. The experi-
mental details have been described earlier. ' '
Briefly, helium atoms of a supersonic beam of
variable kinetic energy (16-250 meV) and very

good velocity resolution (1 to 8"/p) is excited by
coaxial electron impact to the two metastable
states (1s2s, 2'S and 2'S). The singlet state can
be quenched optically. This beam is crossed at
a right angle with a beam of ground-state He
atoms, and the angular distribution of the excited
helium (He*) atoms is measured.

Figure 1 shows the experimental results for
six diff er ent kinetic ener gies. The scatter ed flux
of He(2'S) atoms is plotted against the lab scat-
tering angle. The center-of-mass (c.m. ) scatter-
ing angle is obtained by multiplying the lab angle
by a factor of 2. All data points are normalized
with the reading of a stationary monitor detector,
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which is placed 30' out of the plane of th t
ams. Angular distributions for He(2'8) +He

have been measured befo b t fre, u or only one ki-
netic energy and with less resolution ' dn, an no in-

c ion potential was extracted from the data.
During the scattering process the excitation en-

ergy can be exchanged several times b ts e ween the

sim lar
wo e ium atoms. This exchannge is f llorma y

A fam
i ar to other well-known exchan ll'ge co isions.

famous example is resonant h
H+

n c arge exchange,
e.g. , H +H or H'+H where one or two elec-
trons are exchan ed
exam le or

g d, spin exchange being an thd o er
p, or at much higher energies ne t

charm
neu ron ex-

ge in C + C scattering or m exchange in
proton-neutron collisions ' I lln a cases, the ex-
perimentally prepared asymptotic states a
the ei ensta

o ic s tes are not
g s tes during the collision which l d

to the multiu tiple-exchange processes. The elec-

I

2p ~o Sp sp
LAB. SCATTERING ANGLE

FIG. 1. Differen 'ential cross sections for He(2'S)+He
in the lab system (6 =28»b) . The regular oscillations
are due to nuclear symmetry, and th
a ig er energies are interferences between symmetr

ym etric oscillations, orbiting and
rainbow oscillations. The solid 1' hi ines ave been calcu-
lated. from our potential.

tronic wave function for He*+He must be either
symmetric (g) or antisymmetric (u) with respect
to the interchange of the excitation, and the as-
ymptotically degenerate levels l't ' to a s m-
metric C '2'

sp i in o a sym-
c ( 2'g, and an antisymmetric (A 'Z„')

potential. Both potentials have deep inner min-

sha es ar
ima at an internuclear separation of -1 Ao —,whose
s apes are well known from the analyses of the
emission spectrum of helium gas discharge '~

A whose shapes and heights are rather uncertain.
Nearly no information is available on the long-
range parts of the potentials, which are so im-
portant for the uunderstanding of collision and dif-~ ~ ~

fusion processes in helium gas discharges. The
physical reasons for the unusual structure of the
potentials has been discussed in detail by Guber-
man and Goddard. '

Loosely speaking, half of the incident flux is
scattered fromrom the symmetric potential, and the
other part from the antisymmetric potential.
From each oten '

p tial one can calculate separately
a scattering amplitude f&(8},f (8}. For the scat-
ering of distinguishable particles e. . 'H *

e, one obtains a scattering amplitude f(8)
= —,

' [f (0) +f„(8)j. For the scattering of identical
nuclei, as in this experiment, this becomes

f(&) = lIf,(~}+f,( -~}+f(~) f4 -&)].

The minus sign in front of the exchange amplitude
from the antis msymmetric potential. causes the dif-
ferential cross section to be asymmetr with
respect to 90 (45' lab).

At least f
contri

our different scattering am 1 t d
con ribute at each scattering angle. Because of

is complication and because o b't'r i ing occurs
for kinetic energies above 50 V,me, no inversion
procedure was attempted Fl 'blexi e analytical
potentials were assumed for th tr e wo potentials,
and the phase shifts calculated numericall b the

p ocedure. The parameter of the po-
y e rquardt itera-tentials were determined b th Ma

tive nonlinear-least-squares procedure as de-
scribed ear lier. '4 Because of the complicated
interference patterns, the potential param tr me ers

e very near their correct values, other-
wise the Marquardt routine did not co
rather lar e am

no conver ge. A
er arge amount of manual adjustment of the

potential parameters was th fere ore necessary.
Those parts of the potential h' h

to the di
w ic are relevant

Fi. 2b
'scussion of our results are shs own in

ig. y the solid lines. Note the change of
scale at -50 me V, which causes the apparent
break in the slope of the potential. Only the out-
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V(Rj
(meV) 139meV

TABLE I. Numerical values for the long-range parts
of the potentials shown in Fig. 2. For small 8, the
Sando potential (Ref. 9b) has been used for V„. Our
data are mostly sensitive to the potential between —50
and +100 meV.

Vg
(me V)

V„
(me V)

-1eV .—

-2 eV—

5 R[A]

2.0
2. 1

2.2

2.3

2.4

2, 5

2. 6

2.7

2.8

2.9

3.0
3, 1

163.3

137.4
121.3
109.8
99.8
90.3

8).6

303.0
— 205.6

131.0
75 ~ 5

35.6
8. 1

10. 1

22. 7

32.6

40.0
44.9

47.2
FIG. 2. The solid lines give the interaction potentials

determined from the differential cross sections. The
apparent break in the antisymmetric potential (V„) is
caused by the change of scale. Only the outer part of
V is given. The dashed lines are from the ab initio
results of Guberman and Goddard. The arrows indicate
our collision energies.

3.2

3.3

3.4
3.5
3.6
3.7

73.6
66.5
60.0
53.9
48.2

42. 7

47.2

46.0
44. 1

41.5
38.3
34.9

er part of the C '2'g potential is given, since its
intermediate maximum is too high to be over-
come at our collision energies, which are indi-
cated by the horizontal arrows in Fig. 2. The
differential cross sections calculated from this
potential, transformed to the lab system and
averaged over experimental resolution" is given
by the solid lines in Fig. I. The fit to the data is
good at the lower kinetic energies, but deterior-
ates somewhat at higher energies. As the data
are extremely sensitive to minute variations of
the potential between -50 and +100 meV, the po-
tential is believed to be rather accurate in this
range, especially as it reproduces the compli-
cated and fast-changing interference structures
over a factor of 7 in kinetic energy. Some nu-
merical values of our potentials are given in
Table I. Since its analytical form is somewhat
lengthy, it will be given in a future publication. '
The potential proposed by Sando' has been used

0
for R (2 A. The potential minima of the van der
Waals attraction are at R - 6 A, where they do
not have any influence on the differential cross
section, and were therefore neglected in the cal-

3.8

3.9

4.0
4. 1

4.2

4.3

4, 4

4.5

4.6

4.7

4.8

4 ' 9

5.0

37.6
32.7

28.2

24. 1

20.4

17. 1

14.2

11.7
9.6
7.8

6.4

5. 1

4. ]

31.4
28.0
24. 7

21.5
18.5
15.7

13.3

9.2

7.6

6.3

5.2

4.2

culations. At R =6 A the well depth would be
smaller than I meV. If the minimum distances
are allowed to vary in the least-squares-fit rou-
tine, they are iterated to R =8 A. Also the 15/0
difference in the van der gals constants" for
the two potentials does not affect the differential
cross sections. But this difference has a very
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significant influence on the detailed form of the
velocity distribution in our He* beam, ' where the
relative kinetic energies are much lower (10 ' to
10 ' eV).

Electronic transitions are optically forbidden
only for large internuclear distances A. For fi-
nite A, dipole transitions to the X '5 &' ground
state are possible. They give rise to the well-
known Hopfield continuum and 600-A emission
and absorption bands. ' Only those particles can
radiate which cross the barrier of the antisym-
metric potential. The cross section for light
emission" is typically 10 ' A', which is much
too small to have a noticeable influence on the
differential cross sections and was therefore
neglected.

Buckingham and Dalgarno" were the first to
calculate the interaction between He(2'S) +He.
Their early calculations were refined by several
authors. ' Recently Guberman and Goddard' per-
formed a generalized valence-bond (GVB) calcula-
tion for many excited He, states. Their results
are given by the dashed lines in Fig. 2. The cal-
culated barrier height is 60.7 meV at 3.09 A
compared to 47+', meV at 3.14*0.05 A from our
determination. A GVB calculation always gives
an upper limit to the exact result, ' and in fact our
results are 5 to 20 meV lower everywhere. As-
suming that the atomic contribution to the corre-
lation energy remains nearly constant for A & 3 A,
the authors estimate that their calculated value
for the potential maximum should be reduced by
10 to 20'fo. The 20/&& value for the reduction is
sufficient between 3.2 and 4 A to roughly match
the two curves. But for larger 8, the discrepan-
cy is much higher and is nearly a factor of 2 for
A &4.9 A. Andresen and Kuppermann" have cal-
culated differential cross sections for a potential
obtained by subtracting 15/q from the ab initio re-
sults. But this does not give a satisfactory fit to
our data, especially at large scattering angles.
Sando and Dalgarno" have analyzed the 600-A
absorption spectra and have found a barrier
height of 49+10 meV at 3.1 A, in good agree-
ment with our results. But the long-range parts
of the potentials cannot be extracted from the
gas discharge spectra.

Only after the potential had been obtained was
it possible to unravel the origin of all the inter-
ference structure in the differential cross sec-
tions. The very regular oscillations for ener-
gies below 80 meV result from nuclear symme-
try. For the lowest two kinetic energies, the
oscillations are nearly washed out for certain

angular ranges. For A, &4.2 A, the splitting be-
tween the potentials becomes very small (Vg
= V„), which leads to f&='f, . And the total scat-
tering amplitude becomes f(B) = 2[fg(8) +f„(B)J,
which is the result that one would obtain for the
scattering of distinguishable particles. There-
fore, the symmetry oscillations are absent or
severely damped.

Besides the symmetry oscillations one has at
higher kinetic energies symmetric-antisymmet-
ric oscillations, orbiting and rainbow oscilla-
tions, and their mutual interferences. The anal-
ysis of this complicated interference structure
was considerably simplified or even made pos-
sible through the use of the "quantal deflection
functions. '"" They were constructed from the
numerically computed phase shifts via the rela-
tion 6(l+ ~) = 2(q, +, -q, ), which is a straightfor-
ward generalization of the well-known semiclas-
sical relation 8(l) =2dq/dl. For example, it can
be shown very easily by this procedure that the
large peaks at 180' (90' lab) are caused by small-
angle scattering with excitation transfer. " And

only by this procedure can the rainbow peak from
the potential maximum be distinguished from all
the other peaks in the differential cross sec-
tions. ' A detailed analysis of the cross-section
patterns as well as the data and analysis for
He(2'S) + He will be given elsewhere. '0
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Very narrow (-2 meV) 'D and 'P shape resonances above the ground state of atomic
fluorine lead to electron. and photon near-threshold F detachment cross sections of ap-
proximately (2—B)&10 and 4X10 cm, respectively, and could affect the F-atom pro-
duction rates in the relativistic elect-ron beam-H&/F2 lasers

I report the first use of the multiconfiguration
close-coupling (MCC) formalism' in the problem
of low-energy-electron impact detachment of neg-
ative atomic ions. During calculations of low-en-
ergy-electron impact ionization of the negative
atomic fluorine ion, I found a very narrow (F
-0.002 eV) 'D shape resonance in the elastic
cross section at 0.009 eV above the F ground
state. This resonance causes high near-thresh-
old values of the electron and photon detachment
cross sections of F .

There have been several studies of electron
impact ionization of negative atomic ions' but,
with two exceptions, "'g only H was treated;
and, even for this case, no unique prescription
for the near-threshold detachment process has
yet evolved. References 2a and 2g contain, to my

knowledge, the most exhaustive theoretical treat-
ments of the electron detachment problem for
other atoms (Na, Cl, Hg, and 0 ) to this date.
Finite attachment (detachment) cross sections to
outer s or p orbitals were discussed by Massey
and Smith" and the detachment cross section of
weakly bound p electrons in 0 was, indeed,
found to be large close to threshold by %anatabe
and Miida. ' ~ The Bethe-Born approximation has
been shown to compare reasonably with the ex-
perimental detachment cross section in 0 for
energies of 20-50 eV, but not well at lower en-
ergies, and to lead to predictions at variance with
experimental data for H at higher energies. '"

The present study was stimulated by estimates
of energy deposition in atmospheric-pressure,
relativistic-electron-beam-pumped H, jF, mix-
tures, according to which the initial free-fluor-
ine production rate could be dominated, on nano-

second time scales, by the resonant dissociative
process e+F, -F, -F+F (if the F, state had
a width of 2 eV) and that F formation could also
contribute if the electron detachment cross sec-
tion were as large as 7 &3.0 '5 cm . Detachment
cross sections of such magnitude in F are per-
haps doubtful because they imply an overestima-
tion of available experimental data for H and 0
by factors of 10 and 70, respectively. ' I shall
discuss the e-F, system at a later date, and
here present results for e-F .

In the Born approximation, the detachment
cross section v"(E), is given by"

a'(E) = „,f, JfdQdQ'~')M„„)'d~, (la)

with

4m ( innerM, ~= ,flop—,e dr,

g, =Q F,(r)P,(cos &)i'(2s + 1),

so that

(lb)

+ 2[f,F~,,(r)J,I,(Kr) r'I'dv]'

+[f F,P„(r)J,I,(fear)r"'dr J'}

(lc)

where I'» is the orbital of the bound 2p electron
and the other quantities are as in Ref. 2a.

The close-coupling approximation can be ap-
plied to this problem just as for electron impact
ionization of neutral atomic hydrogen, ' and photo-
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