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Angle and Channel Deyendence of Resonances in e-He
Scattering near 60 eV*
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The He resonances at 57.1 and 58.2 eV in the electron scattering from He were studied as a function of
angle in three inelastic channels corresponding to excitation of the (1s2s)'S, (1s2s)'S, and (1s2P)'P states of
He. The line shapes of the resonances are found to vary with angle. The application of the Fano-Cooper
formula, developed for the case of photon absorption, to resonances in inelastic electron scattering is dis-
cussed, along with a simple procedure for determining the line pro6le indices. The angular dependence of the
Ig, g, and 'P excitations at 56.5 eV was also measured out to about 60'.

' 'T has been shown by Chamberlain' that the existence
. of negative-helium-ion states in the 20-25-eV region

gives rise to a number of sharp structures (resonances)
in the cross section for the excitation by electron impact
of the (1s2s)sS, (is2s)'S, (1s2P)'j', and (1s2P)'j' states
of neutral helium. The large number of resonances
found in the inelastic channels suggests that they may
be a widely occurring feature of these cross sections.
These resonances are much more apparent in the
inelastic channels' than in transmission measurements';
they have been observed in Hs (Ref. 4) and N, (Ref. 5)
as well as in He. We have therefore made a study of the
excitation functions of the m= 2 He states in the 56.5- to
59-eV region, where Kuyatt et a/. ' had observed barely
detectable resonances in the transmission channel, and
furthermore, we have investigated the dependence of
these resonances upon the scattering angle.

For this work there was available a scattering instru-
ment similar in concept to the one previously described'
but with a scattering chamber constructed of a metal
bellows that permitted mechanical rotation of the
monochromator beam axis with respect to the analyzer.

By this arrangement scattering angles of —10' to
90' could be explored. The angular resolution of the
device is less than 1' and for these measurements the
energy resolution was approximately 0.1 eV. Earlier
applications of this instrument had not exploited its
angular capabilities. The eGect of the He states at
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57.1 and 58.2 eV, interpreted as having the configura-
tions (2s'2P)sP and (2s2Ps)sD, respectively, ' on the
excitation cross sections of the '5, '5, and 'P states was
examined by sweeping the primary electron energy
between 56.5 and 59.0 eV with the analyzer set to pass
only those electrons that had suGered the particular
energy loss corresponding to excitation to one of the
m=2 states. Two resonances were indeed observed in
each of these channels; however, the resonances in the
'P channel were not amenable to study because of
overlap from the nearby 'P channel which has a larger
cross section. No effect of the resonances was found in
the elastic channel at angles )3', where it becomes
possible to separate this channel from the inelastic
channels.

In Fig. 1 are shown some typical line shapes of the
two resonances in the three inelastic channels at various
fixed angles. Figure 1 shows the qualitative features of
the line shapes; the quantitative aspects of these
resonances are given in Figs. 2 and 3. These line shapes
bear a strong resemblance to the Fano line shapes"
derived for the case of photon absorption. In view of
this resemblance it seems desirable to adopt the termi-
nology and definitions developed for the photon absorp-
tion case to the present situation of negative ion reso-
nances in inelastic electron scattering. Justification for
this procedure can be obtained from the following
analysis suggested by Fano."

%'e initially assume that the scattering amplitude
for a well-defined process depends on the incident energy
E in the neighborhood of a resonance at E0, according to

Scattering Amplitude=tt+b(E —Es+stiF) ', (1)

where a and b are complex coeKcients and F is the
resonance width. The coefficient a can be any function
of energy except that the variations of u are regarded as
negligible when E varies by a few I'. Equation (1) has
the general form of a resonance and special cases of
this formula are found in treatments of resonance

9 U. Fano and J.W. Cooper, Phys. Rev. 138, A400 (1965)."U. Fane, Phys. Rev. 124, 1866 (1961)."U. Fano (private communication).
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Equation (1) still remains to be derived from first
principles of scattering theory; however, because of the
correspondence of Eq. (3) (which is based on strong
theoretical grounds for photon absorption) to the 1nore
general form of a cross section near a resonance
[Eq. (2)j we feel that the use of the Fano-Cooper
formula for negative-ion resonances is indicated.

We wish then to turn to the Fano-Cooper formula
[Eq. (3)j wherein the natural line shape of a resonance
is given by (g+c) /(1+a'). This function possesses a
maximum when q= 1/e, and a minimum when q= —e

with a total excursion through the resonance of (1+q').
In absolute units the total excursion of the resonance is
given by o. (g'+1). A measure of the strength of the
resonance can be represented by normalizing the
resonant portion 0 (q'+1) to the off-resonance value of
the cross section (0.,+01,). This normalized strength is
given by

[~./(~-+~~) j(V'+ 1)=p'(V'+ 1), (5)
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Fzo. 1. Typical line shapes of the 57.1- and 58.2-eV He reso-
nances in the S, 'g, and 'P inelastic channels at various angles.
The current scale is in arbitrary units with the zeros displaced.
The energy scale is accurate to about 0.2 eV.

where e= (8—Eo)/(~1') and u=ib/aI'. This equation
has the form of the Fano-Cooper formula"

~(~) =~.[(V+~)'/(1+~')]+~»

which upon expansion yields

(q' —1)+2ge
~(~) = (~.+~~) (1+p'

(1+~')

(3a)

(Bb)

collisions. "Taking the cross section of the process to be
proportional to the square of the scattering amplitude
one obtains

Reu+e Imu
0=C(a)' 1+

(1+")

where p'q' represents the fractional rise above the off-
resonance value, p' represents the fractional trough,
and q is given by the square root of the rise-to-trough
ratio.

The cross sections discussed thus far, being propor-
tional to the squared scattering amplitude for a well-
defined process, pertain by implication to transitions
between initial and 6nal states with complete speci6ca-
tion of energy, direction, and polarization of all reac-
tants. In practice one deals with transitions from a
suitably averaged initial state to a suitably averaged
weighted sum of final states. The relevant cross section
is summed accordingly. The experimental cross section
thus determines the coeKcients of the terms in (3b),
namely, the suitably sum-average values

(( .+ )), &( .+ ) '(V'- 1)), (( .+ ) '2V) (6)

From these values one obtains eGective values of p
and q. These effective values can be extracted from the
data by use of Eq. (5); however, these values also
contain experimental smearing sects due to Gnite
energy resolution, initial energy spread, and Doppler
broadening. For example, Lorentzian smearing trans-
foHIls p (g +1) 111'to p (g j1) wlllch ls 111vel'sely pl'0-

where p=a, /(0 +0 1,), 0, is the resonant portion of the
cross section, 0-q is the nonresonant portion, and q is
a line profile index. Comparison of (2) and (3b) yields
the following relationships:

C iu ('= (0.+0 1,), (4a)

p=2 Im{[(u—1u)*f1'), (4b)

q= Re{[(u—1)u~]'I')/Im{[(u —1)u*j11'l . (4c)

"See for example, M. Slatt and V. F. Weisskopf, Theoretical
Eudeur Physics (John Wiley 8z Sons, Inc., New York, 1952).

"U. Fano and J. Vf. Cooper, Phys. Rev. 131, A1364 (1965).

Pro. 2. Logarithm
of the effective
strength of the reso-
nance, p'(g'+ 1),nor-
malized to the oG-
resonance cross sec-
tion at 56.5 eV in
the ~g, «g, and 'P
channels as a func-
tion of angle. The
vertical line denotes
the estimated error.
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Fro. 3. Effective values of g
versus angle. The effective q's of
the 'S/57 and 'f'/58 resonances
are not shown since they were
found to be zero. The effective g
for the 'I'/57 was found to rise
rapidly beyond 30' (the rise is4o' not shown above).
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portional to F„where F, is the width of the observed
resonance, but leaves q unchanged. ' For Gaussian
smearing approximately the same eGects are found as
for Lorentzian smearing.

This description of resonance line shapes greatly
simplifies the analysis of the data. For example, the
necessity of a curve-fitting procedure employed pre-
viously" is not necessary for the determination of the
effective line-profile indices p and q; however, a com-
plete description of the resonance requires the de-
termination of 1 which does require this prodedure. All
that is needed to obtain effective values of the line-
profile indices is (i) the resonance effect, (ii) an estimate
of the smooth portion of the cross section through the
resonance region.

The effective strengths of the resonances p'(q'+1)
for each of the three channels are shown in Fig. 2 as a
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FIG 4 Logarithm of
the relative cross section
at 56.5 eV versus angle
for the 'S, 'S, and 'P
excitations.
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function of angle. In all the channels except for the
57.1-eV resonance in the 2'S channel ('S/57) and the
'P/58, the resonance strength appears to rise as a
straight line up to about 50'; the 'S/57 and 'P/58
resonances exhibit a local maximum around 15'.
Effective values of q are shown in Fig. 3. The effective
q's are seen to increase linearly in all the channels
except for the 'P/57 resonance, which exhibits a maxi-
mum around 10'.

To obtain a relative cross section as a function of angle
the scattered current was multiplied by the sine of the
scattering angle to correct for a change in active path
length. The resulting curves for the off-resonance signal
at an incident energy of 56.5 eV are shown in Fig. 4 for
the three excited levels. The nonresonant portion of the
cross section is expected to be largest for the optically
allowed 2'I' excitation, which can include important
contributions from partial waves with moderately large
i values ( 5), next largest for 2'S, and smallest for
2'5 whose excitation requires electron exchange and,
therefore, l&2. The results in Fig. 4 agree generally
well with this expectation. It will also be noted that
these channel differences are found to be decreasing at
large angles, where high-/ contributions tend to inter-
fere destructively. These observations are not incon-
sistent with the assignment of /= 1 and 2 to the 57- and
58-eV resonances, respectively.

We are deeply indebted to Dr. U. Fano for helpful
discussions concerning this work.


