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FIG. 2. Diagram of gas-flow system.

signals were obtained when the partial pres-
sures measured 25 cm downstream from the
ESR cavity were 0.13 Torr of nitrogen and 3.2
Torr of helium. No signals could be observed
in pure nitrogen afterglows.

The g factors were determined from the cen-
tral line of each of the spectra to be 0.8002
+ 0.0004 for the 'D,» level and 1.2005~ 0.006
for the 2DI&~ level, in agreement with the theo-
retical Landd g factors ~~ and 6/5. Each of
the spectra exhibits three groups of lines, due
to the magnetic hyperfine splitting caused by
nitrogen's nuclear spin of one. The measured
separations of the three groups are 58.5 G for
the 'D, &, spectrum and 68 G for the 'D», spec-
trum. Theoretical separations, based on the
central-field approximation' and accurate ana-
lytical wave functions, e are calculated to be
69 G for both spectra, in fair agreement with
the measured values. The splittings within the

three hyperfine-structure groups of each spec-
trum result from the second-order Zeeman
interactions between the two fine-structure
levels. The measured splittings agree within
10% with those calculated from second-order
perturbation theory, 2 using the known level
separation of 8 cm ~. A more detailed analy-
sis of the spectra, including the effects of elec-
tric-quadrupole hyperfine structure, deviations
from LS coupling, configuration interaction,
and relativistic corrections, will be published
elsewhere.

Measurements of the ~S ground state concen-
tration showed that approximately 5% of the
nitrogen atoms were in the 'D levels. The rel-
ative intensities of the D»2 and Dsgm spectra
showed these levels to be approximately in ther-
mal equilibrium.

Further experiments are under way to mea-
sure the spectra more accurately, to measure
the linewidth as a function of pressure, and
to look for other metastable levels (a prelim-
inary scan did not reveal the presence of the
2P levels of nitrogen).
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The competition between compound nucleus
formation and Rutherford scattering is reflect-
ed in the characteristic resonance shape of the
cross section for nucleon-nucleus scattering.
Such interaction has received considerable ex-
perimental and theoretical study, and as a re-
sult is well understood. Although the possibil-
ity of atomic analogs has long been recognized,
it is only within the past few years that much
attention has been given to them. The one ana-
log thus far studied extensively is that involv-
ing the temporary formation of an excited atom-
ic or molecular negative ion which is observed

through resonance structure in the cross-sec-
tion curves for elastic and inelastic scattering
of electrons.

In this Letter we report resonances in the
e-H scattering signal observed essentially at
90 deg to the plane of intersection between a
modulated beam of H atoms and a beam of en-
er gy-analyzed electrons. The experimental
configuration' is shown in Fig. 1. As can be
seen in Fig. 2, there are two resonances de-
fined below 10 eV. If we define the center of
a resonance as half-way between the maximum
and minimum, the first is centered near 9.45
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FIG. 1. Sketch of the experimental arrangement
used for the hydrogen resonance studies.

eV and the second near 9.68 eV. Above 10 eV,
there is a complex structure which no doubt
is associated with a number of resonances just
below the first excitation threshold of the H

atom and, at 10.20 eV, the threshold itself.
The existence and placement of resonances

in the e-H system were first predicted theo-
retically, ' to be followed by two experimental
reports of such structure prior to the present
paper. The first was made by Schulzs who,
through an experimental tour de force, was
able to detect but not resolve the resonance
pattern in an electron-transmission experiment.
The center of mass of his reported structure
is 9.7+ 0.5, which is in good agreement with
the center of all the structure shown in this
report.

The second report was recently made for the
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FIG. 2. Resonance structure observed in atomic H. The data points are often the average of several runs and

check points. The code used in the graph follows: ~, one datum; 0, 2 data; 8, 3 data; 0, 4 data; and b, , 5 data.
The calibration of the energy scale is good to +0.04 and -0.01 eV. Below the data, plus signs indicate the calcu-
lated positions of H levels and resonances in the e-H scattering system.
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first '8 resonance by Kleinpoppen and Raible. ~

Although, in essence, their experiment is the
same as our own, the agreement in resonance
shape and position is not good, although our
results lie at the lower limit of the uncertainty
in their energy measurement. The reason for
the discrepancy is not completely clear, since
they used two energy standards: the first He

resonance at 19.285+0.025 eV, 5 and "the onset
of the first inelastic excitation threshold of
atomic hydrogen at 10.20 eV which causes a
decrease in the intensity of the scattered elec-
trons. " One explanation is that the decrease
in the scatter signal above 10.1 eV in Fig. 2

was mistaken by them for the first inelastic
threshold, and that their reference to the He
resonance is in error. If the position of their
reported decrease above 10 eV is made to cor-
respond with ours, then the position of the de-
structive interference portion of the resonance
(the minimum) is found to be in excellent agree-
ment.

The energy scale shown in Fig. 2 has also
been calibrated by two independent methods
which agree to within 0.01 eV. The total un-
certainty which we associate with this place-
ment is +0.04 and -0.01 eV. The first and pri-
mary energy reference used was the ionization
potential of the H atom, taken as 13.60 eV. Be-
fore and after each group of measurements,
an ionization efficiency curve for H was taken.
In each case, the intercept between the linear
extrapolation of the straight portion of the ion-
ization efficiency curve and the electron ener-
gy axis was fixed at 13.60 eV. Because there
is some question concerning the linearity of
the H-atom ionization efficiency curve near
threshold, ~ our upper limit to the uncertainty,
i.e. , +0.04 eV, is large.

The second energy reference used was the
position of the minimum in the first scattering
resonance in He. These results are shown in
Fig. 3. The position of this resonance is well
established5 ' near 19.30 eV.

Normally, two Marmet-Clarke-Kerwin (MCK)
type 127-deg electrostatic electron-energy ana-
lyzers make up the core of our electron spec-
trometer. ~ One monochromator produces the
analyzed beam of electrons, and the second,
among other duties, measures the energy dis-
tribution. In these experiments, however, the
rotating table normally used for the second mo-
nochromator was used instead to mount the to-
tal electron collector. It was found that the
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FIG. 3. Resonance structure observed in atomic He.
The position of the resonance minimum is fixed at
19.30 eV, thus calibrating the electron energy scale
for the H scattering experiments. The experimental
breadth of the resonance is used to estimate the elec-
tron energy distribution. The energy distribution is
judged to be between 0.08 and 0.09 eV.

magnitude of the scatter background depended
markedly upon the placement of this collector.
Consequently, the prime determination of the
energy distribution of the electrons used for
this report comes from our measurement of
the breadth at half-depth of the He resonance.

The measured breadth of the He resonance
(refer to Fig. 3) is 0.09 eV, which includes,
with the electron energy distribution, the nat-
ural resonance breadth, judged to be 0.01 eV
by Simpson and Fano. ' Depending upon how
these distributions are actually folded togeth-
er, our energy distribution at half-height must
lie between 0.08 and 0.09 eV. Normally, our
distribution can be reduced to a range between
0.03 and 0.06 eV, but under the high primary-
current conditions in this experiment-approx-
imately 8&10 A —this is judged to be impos-
sible.

Counting techniques are used in these experi-
ments, and the errors shown in Fig. 2 are simply
the statisticaj. errors associated with the data ac-
cumulated from a number of runs. For the H-
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atom data, the number of signal counts was nor-
mally 129o of the number of counts resulting from
scatter from the background gas and from the
surfaces of the gun. The latter contribution to
the background was well in excess of the former.
Although the position and the shape of the reso-
nance structure are judged by us to be good with-
in the errors quoted, the ratio of the size of the
resonance structure relative to the total scatter
signal is likely to be a lower limit, affected by
as much as 10% H, in the H beam and by a small
but as yet undertermined component of modula-
ted background. This latter contribution should
not exceed 10% of the total signal. Tests were
made to be sure that structure in our e-H curve
was not a result of residual H, in the H beam.

The shape of the first resonance is clearly
defined and is characteristically resonant. "
The shape and magnitude of the second" {and
subsequent resonances) are partially obscured
by the energy distribution and the statistical
errors. The position for all the structure ob-
served is in good agreement with the positions
of the energy levels of the compound atom H

predicted by O' Malley and Geltman ' and the
recent elastic scattering calculations of Gaili-
tis." These values, together with the positions
of resonance from scattering calculations by
others, are shown on the graph and are given
in reference 2. It is suggested by O' Malley
and Geltman that their configuration calcula-
tions should represent an upper limit to the
position of the levels in the compound atom
and that at most, their calculations may be
high by 0.05 eV because of the approximate
nature of their variational wave function. The
scattering calculations by Gailitis fall in this
range and appear to be the most accurate.

It is with pleasure that we acknowledge con-
tinuing and fruitful discussion with Dr. A. Tem-
kin, Dr. R. Mariott, Dr. M. A. Fineman, and
Dr. R. F. Stebbings, and the members of the
Atomic Physics group at General Atomic.

*Research sponsored by National Aeronautics and
Space Administration, Goddard Space Flight Center,
Contract No. NAS5-9110.

)Present address: St. Francis Xavier University,
Antigonish, Nova Scotia.

J. W. McGowan, E. M. Clarke, H. P. Hanson, and
M. A. Fineman, to be pub1. ished; J. W. McGowan and
M. A. Fineman, in Abstracts of Papers of the 4th In-
ternational Conference on Physics of Electronic and

Atomic Collisions (Science Bookcrafters, Inc. , Hast-
ings-on-Hudson, New York, 1965), pp. 429-434; and
J. W. McGowan and M. A. Fineman, Phys. Rev. Let-
ters 15, 175 (1965).

The first calculations of resonances associated
with the lowest ~ and 3P compound states of excited
H were made by K. Smith, P. R. McEachran, and
P. A. Fraser, Phys. Rev. 125, 553 (1962); P. G. Burke
and H. M. Schey, Phys. Rev. 126, 149 (1962); and P. G.
Burke and K. Smith, in Atomic Collision Processes,
edited by M. R. C. McDowell (North-Holland Publish-
ing Company, Amsterdam, 1964), p. 89. The first
identification of resonance structure near the n = 2
threshold was made by A. Temkin and R. Pohle, Phys.
Rev. Letters 10, 268(E) (1963). The possibility of a
large number of resonances below the n =2 level was
subsequently demonstrated by M. Gailitis and R. Dam-
burg, Proc. Phys. Soc. (London) 82, 192 (1963). Other
pertinent theoretical references are A. Herzenberg
and F. Mandl, Proc. Roy. Soc. (London A274, 252
(1963); A. Temkin and J. F. Walker, Phys. Rev. 140,
A1520 (1965); and R. P. McEachran and P. A. Fraser,
Proc. Phys. Soc. (London 82, 1038 (1963).

G. J. Schulz, Phys. Rev. Letters 13, 583 (1964).
4H. Kleinpoppen and V. Raible, Phys. Letters 18, 24

(1965).
D. E. Golden and H. W. Bandel, Phys. Rev. 138,

A14 (1965).
G. J. Schulz, Phys. Rev. 136, A650 (1964); R. J.

Fleming and G. S. Higginson, Proc. Phys. Soc. (Lon-
don) 81, 974 (1963); and C. E. Kuyatt, J. A. Simpson,
and S. R. Mielczarek, Phys. Rev. 138, A385 (1965).

J. W. McGowan, unpublished elastic-scattering re-
sults giving the position of the resonance minimum as
19.3 + 0.1 eV. The energy scale was calibrated with
reference to the ionization potential of He . The
breadth of the resonance at half-depth was 0.035 eV.

A. J. Simpson and U. Fano, Phys. Rev. Letters 11,
158 (1963).

9In the case of He, the signal counts were 1.6 times
the background counts.

U. Fano, Phys. Rev. 124, 1866 (1961).
Although the statistical error is large, structure

which we associate with the 3P' compound-state reso-
nance was observed in each run. If we were sampling
electrons scattered only at 90 deg, we would not ex-
pect to see the I resonance. Its presence no doubt
reflects the large acceptance angle of 15 deg.

T. F. O' Malley and S. Geltman, Phys. Rev. 137,
1344 (1965); and H. S. Taylor and J. K. Williams, J.
Chem. Phys. 42, 4063 (1965), using essentially the
same method place the lower S structure at 9.65 eV.

' M. Gailitis, Abstracts of Papers of the 4th Interna-
tional Conference on Physics of Electronic and Atomic
Collisions (Science Bookcrafters, Inc. , Hastings-on-
Hudson, New York, 1965), pp. 10-14. The values
shown in the graph can only be considered approximate,
for the data presented are not sufficient to define the
position completely.

920


