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Energy spectra of cotHsionally produced H autodetaching states*
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Several lines, observed between 9 and 30 eV in the energy spectra of electrons ejected in
100-eV to 10-keV collisions of 8 with He, Ar, and H2, are attributed to autodetaching states
of H . The energy of @e lowest line associated with the (2s~) i8 state of 8 was found to be
9.59+ 0.03 eV. Two lines due to Ar autodetaching states were used to calibrate the energy
scale. The separations in energy between the (2s2) i8 line of 8 and several other lines
lying below the n =3 and n =3 levels of hydrogen were measured. The present results agree
well with theoretical predictions and with the experimentally observed resonances in the
elastic scattering of electrons on atomic hydrogen.

I. INTRODUCTION

Electron loss is the most important inelastic
process in negative-ion collisions. The energy
spectrum of the detached electrons can consist of
lines corresponding to autodetaching excited
states of the negative ion superimposed on a back-
ground continuum of directly detached electrons.
In ion-atom collisions one can learn about the
nature of the doubly excited states by making pre-
cise spectral measurements of the ejected elec-
trons.

During the past decade many spectral observa-
tions have been made of the electrons produced in
positive-ion-atom and atom-atom collisions. ' In
the case of negative-ion-atom collisions only a
fern systems have been studied. In 1967 Bydin'
observed a line in I coll.isions with rare-gas
targets mhich can be attributed to an autodetaching
state of I . Several lines collisionally produced
by Q were observed in 1971 by Edwards, Hisley,
and Geball. e' and in 19'73 by Edwards and Cunning-
ham, ' and lines from Cl mere reported also in
1973 by Cunningham and Edwards. ' In this paper,
me report on the electron energy spectra arising
from keV collisions of H with He, Ar, and H, .

Until recerkly, ' autodetaching states of H mere
observed only as resonances (or compound states)
in the elastic scattering cross section for electrons
on atomic hydrogen' "and as resonances in the
I yman-o. production cross section by electron
impact. "'"Normally the observed e-H resonance
consists of a highly asymmetric peak owing to
interference m'ith the background cross section.
In order to extract the position and width of the
resonance in elastic scattering from an experi-
mental observation the charactex of the potential
(or nonresonant) scattering cross section has to be

mell known theoretically. Also, if a line is narrow,
an e +H e~eriment might miss or average over
the resonance if the energy spread of the incident
electron or hydrogen beam is larger than the res-
onance. On the other hand, in an experiment
using heavy-body collisions, the strength of a line
in the electron spectrum corresponding to an auto-
detaching state depends only on the production or
excithtion cross section and not on the decay width
of the state if the width is sufficiently narrow.
Also, in heavy-body collisions, there are fem
selection rules governing the excitation of differing
angular momentum states.

The tmo-electron 8 system is one of the sim-
plest physical systems to describe quantum me-
chanically. However, since H is a three-body
system, exact energy levels and wave functions
cannot be found. H has received, therefore,
much attention as a proving ground for the validity
of approximations prior to their extension to more-
complicated systems.

Several excellent reviews have been written
which deal mith resonances in e-H scattering, see
8 rke, "Smith, "Chen, '8 and Schulz. '9

Although no bound excited levels have been ob-
served or calculated below the detachment limit
(i eV) of H,""doubly excited states in which
both electrons are promoted into outer orbitals
have been calculated theoretically and observed
experimentally (see below). These levels lie above
the detachment limit of H and both electron and
photon deexcitation can occur. Because the cou-
pling between the excited 8 and the continuum state
consisting of an H atom plus free electron is
usually quite strong, the transition probability for
electron emission from these states is large, 10"
sec ', compared with the transition probability for
optical radiation, 10' to 10' sec '. One expects,
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in identifying H states.
Figure 1 shows an energy-level. diagram for 8

based on theoretical calculations listed in the
Appendix. Also included are the transitions ob-
served in this experiment.

In the present experiment, 8 was excited in a
single collision with a neutral target particle:
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FIG. l. Energy-level diagram of H showing the auto-
detaching transitions observed in this experiment.

therefore, that if the transition is allowed, the
excited state of H will decay almost exclusively
via electron emission.

It should be noted that the independent electron-
configuration assignment (nfn'f') is not necessarily
a good basis set for describing H . Eigenstates
are more properly described by quantum numbers
corresponding to an electron in the field of a di-
pole. The total spin and total angular momentum
of the state are, ho~ever, good quantum numbers.
Since reasonably accurate wave functions for the
lower-lying states of 8 can be made from series
expansions consisting predominately of single
independent electron configurations, it has become
customary to use the atomic-orbital description

H (Is' ) '8+A-H ~(nfn'I')+A,

H *(nfn'h') —H(ls)+e

where & and &' ~ 2. The energy distribution of the
ejected electrons exhibited several limes superim-
posed on a continuum. Qn the other hand, the con-
tinuum electrons were produced primarily by di-
rect, single-electron detachment from H . With
He as a target particle, two lines were observed
below the n =2 level (10.2 eV) of H. Two additional
lines appeared using H, as a target gas, one below
the n=2 level and one below n=3. Using Ar, two
additional lines corresponding to autodetaching
states of Ar were observed and used to calibrate
the energy scale.

The lines observed in the ejected electron spec-
tra at higher collision energies in this experiment
are believed to originate in transitions from states
of a free negative hydrogen ion since most decays
occurred well outside of the interaction region.
The interaction or excitation time for keV H

collisions is on the order of 10 "sec. The life-
time of the autodetaching states is greater than
10 "sec. The position and width of the lines
were, however, strongly influenced by kinematic
effects.

II. EXPERIMENTAL PROCEDURE

A. Apparatus

Since this apparatus has been described else-
where, ""'"only a brief summary will be given
here. Figure 2 shows the general layout of the
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FIG. 2. General layout of
the apparatus.
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apparatus. H ions were extracted from a duo-
plasmatron ion source, "focused into a beam and
magnetically mass analyzed. The kinetic energy
of the ions could be varied between 75 eV and 10
keV. The current was typically 10 ' A. The ion
beam passed into a cylindrical cell containing the
target gas. The pressure of the gas, typically
(5-10)X10 Torr, was measured using a Baratron
capacitance manometer. A narrow slot was cut
through the cylindrical gas cell, which allowed
electrons to pass into an electron spectrometer.
An electrostatic electron energy analyzer was
mounted on a rotatable platform outside the gas
cell to allow measurements to be made continuously
at angles from 9' to 80' with respect to the ion-
beam direction. The platform was geared to a
rotary feedthrough located outside the vacuum
chamber. The electrons were counted individually
using a continuous electron multiplier. Pulses
from the electron multiplier were amplified and
counted either with a sealer or a countrate meter.
The electron energy distribution was recorded
using an X- F recorder for dominant features, a
signal averager for small signals, or singl. e-
channel analysis (point by point) for precise mea-
surement of the peaks. In the last case, a Gaus-
sian line profile was fitted numerically to the data
to determine the center and full width at half-max-
imum (FTHM) of the line. The analyzer deflection
voltage was measured to within 1 mV using a
differential voltmeter which was calibrated against
National Bureau of Standards voltage sources.
The region surrounding the gas cell in which the
analyzer was situated could be differentially
pumped to less than 10 ' Torr when the cell was
filled to 5& 10 ' Torr. Magnetic fields due to the
earth's field and the ion-beam mass-analyzing
magnet were annulled to less than 20 mo using
three pairs of mutually perpendicular, 61-cm-
diam Helmholtz coils. Electric fields inside the
gas cell and anal. yzer owing to contact potential
and surface charges were reduced by painting al.l
surfaces with Aguadag and depositing gold black on
top of the Aquadag. " This treatment also reduced

the electron ref lectivity of the surfaces. Two
second-order focusing electron analyzers were
used in this study: a high-resolution cylindrical-
mirror analyzer and a 30' parallel-plate deflection
analyze r.

The second-order focusing cylindrical-mirror
Bnalyzer used in this experiment has been de-
scribed in more detail in a recent article by
Bisley." Figure 3 shows the arrangement of the
gas cell and the cylindrical-mirror analyzer. A
sliding aperture (slit) which served as the first
collimating aperture was attached to the side of
the cylindrical gas cell. Both the slit and analyzer
could be rotated as a unit. The beam of electrons
passed through the coaxis of the cylinders at an
angle of 42.5'. The resolution of the cylindrical-
mirror analyzer was measured using a beam of
30-eV electrons from a cathode-ray tube assem-
bl. Figure 4 shows the F%'HM of the line versus
the electron energy. The resolution (0.45%) was
determined from the slope of a straight line which
was fitted to the experimental. data. The diameters
of the entrance slit and exit slit were 0.4 and 0.2
mm„respectively. The dispersion was 7.2 cm.
The calculated resolution was 0.430$. The analyzer
constant C, defined as the proportionality constant
between the analyzer deflection voltage V& and the
kinetic energy 8 of the electron,

V, =CE,

eras 1.002 + 0.005."' '
Some measurements were also made with a

second-order focusing parallel-plate analyzer.
The electrons entered this anal. yzer at 30'-the
proper angle for second-order focusing. " The
fringing fields were reduced by using electrodes
inserted between the outer edges of the front and
back electrodes and set at appropriate potentials
to maintain a constant electric field inside the
analyzer. The entrance and exit slits were ad-
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FIG. 3. Cylindrical mirror analyzer and gas cell.

FIG. 4. FTHM versus electron energy for the cylin-
drical mirror analyzer. The resolution determined from
the slope of the straight line ~as 0.45%.
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justable so that the energy resolution and solid
angle subtended by the detector could be set at any
desired value. A Spiraltron electron multiplier
(Bendix Corp. }, placed behind the exit slit, de-
tected the electrons. The analyzer was placed
inside a tight box so that stray electrons would not
be detected. With the width of the entrance and
exit slits set at 0.2 mm each, the resolution was
1/g. The dispersion was 3 cm. The calibration
constant C was 0.999+ 0.001.~3

All spectral measurements were made with
constant analyzing energy for which a constant
voltage V- was applied between the front and back
electrodes of the analyzer. "'"'" All electrons,
then, were analyzed at the same energy and the
same resolution. Using this mode the energy
separations between line spectra were measured
to a high accuracy that depended only on the preci-
sion of the deflection voltage V&,

eV, =E+[(C —1}/C]eV,
where E is the kinetic energy of the electron. With
C equal to unity, the analyzer reads the energy
directly. If ~ is constant for two different elec-
tron energies E, and F.„

eV, -eV„=E -E . (2)

Care was taken to ensure that no electric field
between the gas cell and front electrode penetrated
the constant electric field inside the analyzer. Any
penetration would invalidate Eq. (2} since V~ would

not be independent of the voltage V, .

B.Reaction kinematics

In this experiment, the electrons emitted from
the excited H ions were kinematically shifted in
energy owing to the ion velocity. This effect has
been described before by Budd et al. ,"Gordeev

ION
BEAM

and Ogurtsov, "and Gerber, Morgenstern, and
Niehaus. " However, the previous treatments do
not contain sufficient detail to cover the large
kinematic effects we encountered in the present
experiment with keV H ions. A somewhat more
general discussion is presented here.

Figure 5 is a velocity vector diagram showing
the addition of the velocity vH- of the ion to the
velocity V, of the ejected electron. The ion veloc-
ity VH- is about 10 eV less than the initial velocity
of the ion beam because of the energy loss in the
excitation of H . The equation relating the veloc-
ities is

~e = "bb- "H- ~

2 2 A I
V ~= 5 )Ib + V P- —r V» 5H- COS6)

where

cos6" = cos6&b cosP + sin0~b sinP cosQ,

v~,b is the velocity of the electron in the laboratory
frame, and 6}» is the observation angle defined
with respect to the ion-beam axis. The angle at
which the ion is deflected away from the ion axis
by the collision is defined by the cone angle I3, and

Q is the azimuthal angle between Vgb and v„-. For
this experiment the H -ion velocity was always
less than that of the ejected electron. It is as.-
sumed that there was no correlation between the
azimuthal angle Q and the observation angle 6}~.

Equation (3) does not agree exactly with the ex-
pression for the kinematic shift given in a paper
by Gordeev and Ogurtsov. " They made the un-
stated approximation that (m /M;, „)E;,.«E, and thus
their equation and ensuing discussion is some-
what restricted.

The equation relating the unshifted energy E of
the ejected electron to the H -ion energy EH- and
laboratory energy E» is

E= E„+(m/M)E„- —2[(m/M) Egb K„-]'~'cos&',

(4)
where m/M=1/1838 is the ratio of the mass of the
electron to the mass of the H ion. Since our ex-
periment did not distinguish between differing
azimuthal angles between the scattered ion and
ejected electron, an average over Q was taken for
the shifted energy of the electrons using the ex-
pression

f2%

(E„b),„=(2w) '
I E„,d@,

FIG. 5. Velocity vector diagram showing kinematic
effect of ion velocity on the ejected electron. vH- is the

8 -ion velocity scattered into a cone of angle P. v»,
in the y-z plane, is the observed velocity of the ejected
electron.

where

E„b = E + (m/M) E„-(2cos'8' —1)

+ 2 cose'$(m /M }E„-[E+(m/M)E„

&& (cos'&' —1)])'~'.
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The shifted laboratory energy of the electrons is given by the approximate expression

(E» ),„=E+ (m/M)E„-(2 cos'&hb cos'p —l) + 2 cos& &.b cosp{(m/M)E„-[E+ (m/M)E„-

&& (cos' &» cos'P —l) ]}' ~'. (6)

For convenience, the bars are dropped and E»
will be used for (E„b),„ in the remainder of this
paper. It was found that for the precision of this
experiment P was sufficiently small so that cosP
could be set equal to unity. "

For the ion energies used in this experiment,
the laboratory energy of the g.6-eV H 'S line
could be shifted to values ranging from -& to 30 eV
depending on ion energy and observation angle.
Figure 6 shows the laboratory energy E» for the
'8 line as a function of H -ion energy for a few
observation angles.

The laboratory separation in energy behveen the
H lines could be expanded or contracted kinemat-
ically depending on observation angle and collision
energy. The equation relating the unshifted sepa-
ration to the observed separation in the laboratory
frame is given by

E, —E, =E„b —E» -2[(m/M)EH-]'icos&»

~ coa3[(E )"—(E )'"]
2 1

The natural width of the line is broadened due to
reaction kinematics and instrumental factors. The
line profile of the electron intensity N can be de-
termined from

dN dN d P
d~L b d4 drab

where dftt/dQ is assumed constant owing to the
axial symmetry of the ion beam. The effect on the
line profile due to each instrumental and physical
factor must be folded in to obtain the experimen-
tally measured shape.

These factors are the natural lifetime of the
state, the scattering angle P, the angular diver-
gence (collimation) of the ion beam, the analyzer
resolution, the energy distribution of the ion
beam, the acceptance angle of the analyzer, the
ion-beam collimation, and stray ac voltages on the
analyzer deflection plates. Since the observed
shape of the line profile of the autodetaching elec-
trons from H was symmetric and closely re-
sembled a Gaussian, it is believed that the center
of the peak corresponds to the energy of the ex-
cited state. Also, since a large number of factors
affected the line profile, the kinematic line
broadening was analyzed by considering the effects
of only the FTHM of each instrumental distribution
on the observed line rather than folding all distri-
butions in together to find the expected line profile.

The FTHM of each instrumental distribution
w'as transformed into the laboratory frame by an
expression such as

~El b+(Elab)Fw«(EH )Fw«

where in this example z(E„-)F„«is the FWHM of
the energy distribution of the ion beam and

(E»)„~„,is the FWHM of the resulting spread in
the electron line profile. The partial derivatives are

mg lab1- cos I9l,b cosP
H

]0
lab m

M (E~ E») sin&4
~ ~lab

86) lab

O. l 0.2 0,5 ~ 2 5 ]0
H COI Lls [ON ENERGY (keV)

FIG. 6. Laboratory energy of 9.6-eV (2s2) 'S line of
H versus H collision energy. The cone angle p was
set equal to zero.

These factors are plotted in Fig. '7 as functions of
the ion energy. It can be seen that the angular
effects are strongest for high coBision energies
and for observation angles around 45', and that
the spread in ion-beam energies is most important
at low collision energies.

Two additional effects vrhich in some collision
processes can broaden lines in electron spectra
are the thermal motion and the el.ectric field of the
target atom. Both of these effects can be neglected
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FIG. 10. Electron energy spectrum from 3-keV H on
Ar observed at 10'. The energy scale has been corrected
for contact potentials of 0.45 eV.
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scale for the cylindrical analyzer was determined
approximately by calculating the geometrical
proportionality constant C in Eq, . (l). Since small
electric and magnetic fields inside the vacuum
chamber altered the trajectory of the electrons, a
precise calibration of the energy scale was
necessary to determine El,b.

By covering all surfaces first with Aquadag and
then with gold black, contact-potential differences
were reduced to less than 0.1 V. An additional
small, electric field inside the collision region
was due to the space charge of the negative H -ion
beam. Using the (2s') 'S line of 8 as a source,
the magnitude of this potential. was determined.
Figure 9 shows the change in energy of the 'S line
as a function of the ion current and the pressure
of the He-gas target. The major effect of the
target-gas pressure was to decrease the H cur-
rent (due to stripping) and thus decrease the space
charge. Ionization of He by H is a weak process. "
In Fig. 9 it is seen that the maximum effect is less

FIG. 11. Electron energy spectrum for 1-keV H on
He observed at 9', Indicated above the peaks are theo-
retical values {corrected for kinematics) assuming that
the lowest energy line is the lS.

than 0.1 eV.
Another source of electric fields inside the gas

cell was the biasing of the Faraday cup. Electric
field plots were made for the geometry of the
Faraday cup and shield used in this experiment.
It was found that the electric potential at the
center of the collision region was about 0.5-1.0%
of the total biasing voltage. Normally +45 V en-
sured collection of all secondary electrons. The
magnitude of this fringing field was quite depen-
dent on the exact location of the Faraday cup in-
side the shield surrounding the cup. Because of
this effect, all spectral measurements were made
with no biasing of the Fal aday cup.

The electric fields not only accelerated the elec-
trons but also deflected them. Since the laboratory
energy E„» of the (2s') 'S electrons was crucially

'7ABLE I. Positions of the H and the Ar autodetaching states {eV). Number in parenthe-
ses is uncertainty in l.ast digit.

Investigator
Ar (3p 54sz)

Kuyatt et al . (1965)'
Sanche and Schulz (1972)b
Average for Ar 2P&2
Present results

Kinematically shifted H {2s~)18

for EH- -—3005+15 eV
and e~b = 10.0'+ 0.3'

Unshifted 8 (Ssi) ~8 energy

11.08 (5)
11 12 (3)
11.10 (4)
11.550 (6)
0.065 FVmM'

11.25 (5)
11.29 (3)

11.726 (6)
0.064 F%HMd

18.92{5)

9.59 (3)

Reference 34.
Reference 35.

'Position not corrected for contact potential.
Observed width using an analyzer resolution of 0.050 eV.
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dependent on the ion energy and ejection angle
[see Eq. (6) and Fig. 6], any difference between
the angle of observation and the angle of electron
ejection mould change the expected electron ener-
gy. The measured change in the energy of the line
mas due, then, to a combination of the difference
in electric potential and the change in the angle
of observation.

Residual weak magnetic fiel.ds also affected the
operation of the analyzer. The component of the
magnetic field which lies in Ne plane containing
the electron trajectory pushes the electron out of
this plane. The slits of our analyzer mere suffi-
ciently long normal to this plane so that all elec-
trons mere transmitted. The component of a
weak magnetic field peypendicular to the plane
containing the electron trajectory affects the cali-
bration constant C of the analyzer. An expression
for the compensating change in the deflection
voltage for a meak magnetic field in a parallel-
plate analyzer can be derived" mhich states that

B is the magnetic field perpendicular to the trajec-
tory, ~~ is the analyzing voltage, and 4 is a ge-
ometrical constant on the order of 10 ' (eV)' /mG.
When using the constant analyzing mode for spec-
tral measurements, Eq. (1) is modified to read for
a weak magnetic field

e V~ = E+ [(C- 1)/C] e V., + (Ii/C)(e Van)' B. (12)

I

IO keV H on H&

8LAS {2s) s
I

I I I I I

28— (2p I's (2s2p)'P (p &}'o~~@
I (3lf)'S

o 24 — (Rs I'si
i xio r'"

I iimii
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&- 20'
0

QJ I 6
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FIG. 13. Electron energy spectrum for 1-keV H on

H2 observed at 10'.
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Note, however, that Eq. (2) still holds even for a
weak magnetic field.

Since the observed laboratory energy of the elec-
trons was shifted slightly by these external fields,
a precise absolute calibration of the energy scale
mas performed. In collisions of H on Ar, tmo
lines in the electron spectra m'ere found at 11 eV
(see Fig. 10). It was assumed that these two lines
are autodetaching states of Ar produced in a
charge-transfer collision. These same lines are
found in 0 and Cl collisions. ' ' No autoionizing
lines of Ar were observed. The separation of the
lines also agrees well with the 'P, /, and
splitting of the Ar' (Ss'SP') core to which the two
4s electrons are believed bound. " The energy
difference between the Ar '&, ~, and the H (2s') 'S
lines mas measured in the constant-analyzing-

v) 2I-
i

'p, 's
0,6 —,

04} I t I jl I I I I I I I II I i ~.,J i i »I
0.05 O. I 0.2 0.5 I 2 5 10

H COLLISION ENERGY E„- (IteV)

28.4 28.6 28.8 29.0 29.2 29.4
FLECTRON ENERGY Et ~8 (eV)

FIG. 12. Electron energy spectrum for 10-keV H on

H2 observed at O'. The solid curves are Gaussian line
profiles fitted to the data points after correcting for
overlap between the two peaks.

FIG. 14. Unshifted energy separation between the un-
resolved ~P-~D line and the (28~) ~S line versus H colli-
sion energy. Indicated by the dashed line are theoretical
predictions for D and P separations. Note that below
100 eV the observed separation is less than the theoreti-
cal 'D-'S value. This result may indicate that the decay
of the autodetaching state at low collision energies may
be from a HeH * molecular state of different energy.
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voltage mode at 5 eV, and using the known energy
of the Ar resonance from the electron scattering
experiments of Kuyatt, Simpson, and Mielcmarek'
and Sanche and Schulz, "the energy of the H (2s'} 'S
level was found.

When comparing the structure in the electron
energy distribution observed in electron trans-
mission experiments with that observed in our ex-
periment, there is an ambiguity in defining the
position for the resonance energies. The Ar line
profiles in the electron transmission experiments
are asymmetric. Without theoretical calculations
for the background phase shifts, it can only be
assumed that the position of the resonance lies
somewhere between the maximum and minimum.
Qn the other hand, the Ar line shapes produced
in H collisions are symmetric and it can be as-
sumed that the center of the lines correspond to
the resonance energy.

In Fig. 10, the peak at 19 eV is a combination
of the (2s') 'S and (2s2P) 'P lines of H . The posi-
tion in energy of the '8 line in this spectrum was
determined by unfolding the known separation of
0.17 eV between the 'P and '8 states; see results
below. Because of the reaction kinematics, the
'&-'8 separation increased to 0.24 eV for 3-keV
collisions observed at 10'.

The separation between the H (2s') 'S and the
Ar 'P, @ lines was measured to be 7.82 ~0.03 eV.

%hen an average value of 11.10+0.04 eV is
adopted for the energy of the Ar 'P, ~, state (see
Table I), the kinematically shifted value for the
H (2s') 'S line is 18.92 +0.05 eV for a collision of
3015+5 eV observed at 10.0'+0.3'. The cor-
responding unshifted value is 9.59 ~0.63 eV after
correcting for recoil. Recoil accounted for a
shift of 0.005 eV.
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FIG. 15. FTHM versus H collision energy. No sys-
tematic difference was observed for the FWHM of the ~S

and the ~P-~D lines. Some instruxnental factors affecting
the broadening of the linea are indicated. Curves A and
8 denote the composite broadening due to all sources.

Table I l.ists the known positions for the Ar
resonances along with the present results for H

and Ar

Ill. RESULTS

A. Energy spectra

Energy spectra of ejected electrons from incident
H are shown in Figs. 11-13with the energy scale
corrected for contact potentials. In Fig. 11, for
1-keV H on He, two lines are observed. The line
with lowest energy is believed to be due to the
(2s') 'S autodetaching state of H, and the other,
an unresolved line which consists possibly of the
(2P') 'S, the lowest (2s2P} 'P and the (2P') 'D levels.

TABM H. Instrumental and physical, factors which broadened the line profile.

Type

Natural l.ifetime
(28~) ~S

(2p') 'D

(2s2P) ~P

(2p 2) i$
Deflection of 8 during collision; 7'=PEH-
Resolution of analyzer

V~„=5 eV (10 eV for 8- and 10-keV collisions)
H" energy spread
Acceptance half-angl, e of analyzer

i:on-beam collimation (divergence)

ac voltage on analyzer deflection
voltage (60 Hz)

0.047 5 eV
0.0088 eV
0.000 045 eV
0.0022 eV
2 keV-deg
1~ of ~an

10 eV
8.7X 10 rad
(l/2. )
0.013 rad
(S/4 )
0.010 eV peak to peak
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The angular distribution of the second line is not
isotropic and the excitation cross section differs
from that of the lowest '5 state."" Therefore, it
is believed that the major contribution is due either
to the '& or to the 'D state and not to the 'S.

Figure 12, observed for 10-keV H on H, at 10',
exhibits a line which we attribute to the 'P state.
Note that the reaction kinematics for 10 keV and
10 expands the energy scale, causing the '8 and
'& to be separated more than they would be in a
reference frame at rest. The 'P line was not ob-
served when He was used as a target gas for
collision energies up to 10 keV. 5 spin is con-
served in these collisions, the target atom must
also be excited to a triplet state if H is. This
result gives further evidence that excitation of He
is not a strong process in H collisions at 10 keV,

consistent with observations at lower energy. "
The spectrum in Fig. 13 was taken for 1-keV H

on H, . The energy of the second lowest-lying
peak for this collision is seen to agree quite well
in energy with the theoretical prediction for the
'D state, in contradistinction to the case for H

on He. The peak at highest energy is an unresolved
line below the n =3 level. This structure was not
observed using He as a target gas.

B. Energy separation

The unshifted or true separation in energy
between the H (2s') 'S and the unresolved (2s2P) 'I'
and (2P') 'D line is shown in Fig. 14 as a function
of ion energy for H on He observed at 10'. The
energy separation in the laboratory frame (E»,
—Z„b,) ranges from about 0.6 to 1.1 eV for colli-

TABLE III. Experimental values for the energies of the autodetaching states of H" in eV. Number in parentheses is
uncertainty in last digits.

Present
experiment

Mcoowan and
co-workers'

Sanche and
Burrow

Kl.einpoppen
and Raible ~

Energy level separations
Belown= 2 level
(2s2p) P-(2s ) S
(2p 2}«a-(2s2) 'S

(2sg) iP-(2s2) iS

(2p ) is-(2s ) S

Below I= 3 level
(3s2) iS-(2s2) S
{3s3p)9-{2s')'S
(3p 2) iD (2s2) iS

{ 3p)'~-{2s')'S
{3P2) iS (2s2) iS

0.171 (10)

0.587 (10)

2.273 (22)"

0.15 (3)

O.57 {15)~

2.09 (3)
2.21 {2}
2.33 (2)

0.180 (10}

O.57O {1O)~

0.186
0, 574
0.615
0.615

2.168
2.200
2.254
2.351
2.472

Absolute energy levels

Below n= 2 level
(2s') 'S

(2s2p) ~P

(2p2) ig)

(2s2P) iI'

(2p) S

Below n= 3 level
(3s2) iS

(3s3p) 3I'

(3p 2) iD

(3s3p) iI'

{3s4s)~S

9.59 {3)
9.76 (3}

10.18 (3)

11.86 (4)

9.56 (1)
9.71 (3)

10.130 (15}g

11.65 (3)
11.77 (2)
11.89 (2)

9.558 (10}
9.738 (10}

10.128 (10)g

9.73 (12) 9.70 {15)
9.545-9.585
9.731-9.767

10.119-10.156
10.170-10.180
10.164-10.198

11.727
11.759
11.813
11.910
12.031

References 9-12, 14, 15.
Reference 13.
Reference 8.
Reference 7.

'See Appendix for a listing of the more recent theo-
retical calculations. An average value for the theoreti-
cal results was taken in order to compare the energy
difference between two states. Excluded from the aver-
age were early, less accurate calculations and Fesh-

bach calculations in which the level. shift was not com-
puted. The average value for the (2s2) 'S was 9.559 eV.

Line consists primarily of contributions from the
(2p2) D and (2s2p) iI' states.

&Line consists primarily of the (2p~) iD and (2p ) S
resonance.

"Line probably does not have any contribution from
the (3s3p) E state owing to spin conservation; see text
and Fig. 13.
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sion energies between 100 eV and 10 keV, re-
spectively. For PEH- equal to 2 keV deg, P could

be set equal to zero with no measurable effect on

the energy separations. Also indicated in the

figure are the theoretical separations for the 'D-
'8 and '&-'8 states. The measured separation
below 100 eV appears to be smaQer than the pre-
dicted 'D-'S spacing, perhaps indicating that owing

to the low ion velocity, the decay may be occuring
primarily between two quasimolecular HeH

states. The molecular potential curves may lie
closer in energy than the energies of the separated
He+ H atom limit.

At higher collision energies the separation is
seen to increase. A possible explanation for the
high-energy behavior is that the excitation cross
section for the '& state is greater at higher ener-
gies because the excitation corresponds to a dipole
transition with a transfer of only one unit of angular
momentum, i.e., H (Is' ) 'S-H '(2s2P) 'P, where-
as at lower coQision velocities, polarization of the
H electron cloud can dominate with the result that
higher angular momentum stetes can be excited.

C. Widths

The observed FTHM of both the '8 and the un-
resolved 'P-'D lines are identical to within our
experimental accuracy of +0.05 eV. The width of
the 'P line measured at 10 keV is about 15%
smaller than the 'S. In Fig. 15 the FWHM for the
'S and 'I'-'D lines are shown as functions of impact
energy. The natural width does not seem to change
materiaQy with collision energy. Kinematic
broadening is more pronounced at higher collision
energies. Note especially the relatively smaQ
width of about 0.15 eV for the 100-eV collisions.
This fact implies that if the H decay occurs from
a molecular HeH * state, the two potential curves
must be nearly paraQel, and also that the natural
lifetimes of the quasimolecular states are no
smaller than 5x10 "sec. In fact, our data provide
no evidence that the transition probability of H ~

at 100 eV differs from the transition probability of
H * in a field-free region (10 " sec). The excita-
tion time for 100-eV H on He is much smaller
than this, about 7X10 "sec."

Table II lists the instrumental and physical
widths responsible for broadening the lines. Using
Etls. (9) and (10) the widths in Table II were trans-
formed into the laboratory energy coordinates.
Some of the larger contributions are shown in Fig.
15. A natural width of about 0.05 eV would account
for about 3 of the total width. Since the distribution
of each instrumental factor is not a precisely
known analytic function, it is not possible to de-
termine the net effect of folding all the effects in

together. The total widths 4 and 8 shown in Fig.
15 were found from

A: to~ = QM'&~

I/2

~: +'fof =

It can be seen that at low coQision energies, the
widths summed as if each distribution were Gaus-
sian (8), while at the higher collision energies
Lorentzian distributions (A) seem to dominate.

TABLE IV. Energy separation between the Ar P&&2
and 2P~2 levels in eV.

Present experiment

Sanche and Schulz (1972)'

Edwards, Risley, and Geballe (1971)
Kuyatt et aL. (1965)

Spectroscopic splitting, Moore (1949)

0.176 (S)

0.172

0.173
0.172 (3)

0.17755

Reference 35.
Observed in 0 charge-transfer collisions with Ar,

Ref. 3.
~Reference 34.
Reference 37.

D. 8 energies

Listed in Table III are the averages obtained in
the present experiment for the separations between
the [(2s2P} 'P, (2P'} 'D] -(2s') 'S lines for 1-keV H

on He, between the (2s2P) 'P-(2s') 'S lines for
10-keV H on H, observed at 9, and between the
s =2 line (2s') 'S for 100-eV H on H, . The ener-
gies of the states are al, so given, using 9.59 eV
for the H (2s') 'S state. The experimental results
of McGowan and co-workers, e '~'~'»' Sanche and

Burrow, "Kleinpoppen and Baible, ' and Schulz' are
also listed along with average values from theoret-
ical calculations; see the Appendix.

The agreement between experimental values for
the '&-'8 separation is good. The average theoret-
ical value lies slightly outside the experimental
uncertainty of the present measurement. The
separations between the (2s') 'S line and the other
two unresolved peaks observed in this experiment
are seen to be consistent with previous electron
scattering experiments and theoretical calculations.

In Table IV the measured separation between the
'&,y, and '&, ~, states of Ar is compared with
previous experimental measurements and with the
spectroscopic value for the separation between the
Ar' 'P, y, and '&, ~, states. " Since the lines in the
spectra from the electron transmission experi-
ments of Kuyatt, Simpson, and Mielczarek" and
Sanche and Schulz" exhibit asymmetric line pro-
files, and since the position of the resonance (or
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TABLE V. Theoretical energy levels of H . All energies are in eV. The zero of the energy scale is the energy of
a free electron and a hydrogen atom in the ground state. The following conversion values mere used when necessary:
1 Ry (R„)=13.60583 eV, ' 1 a.u. =2R„. All results were corrected for the finite mass of the nucleus. Rz=R„/(1+m/
I}=13.59842 eV. A number in parentheses gives the power of 10 by vrhich the preceding number is to be multiplied.

State Ref.

Below n =2 level

'S'(2s2), {2P2)

'P0 {2s2P)

3P0 (2s 2P)

(2P 2}

Below' n =3 level

kg(3 2) (3P2)

'P'(3s 3P)

3P0 (3s3P)

fD e (3p 2 )

9.605
9 554h
9.555
9.630
9.551
9.5VO'
9.553
9,552
9.554"
9.555
9.5v5'
9.585'
9.582 e

9.565
9.569
9.552
9.545
9.552
9.552
9.549
9.547

1O.1V3"
10.258'
10.172
10.180
10.170

9.910
9.V22"
9.726 "
9.735
9.733
9.767 '
9 754
9.763
9.735
9.731

10.120
10.154
10.120
10.156
10.119

11.727
11.V14"

11.910
11.899
11.90O '
11.759
ll. 741
11.742 "-

11.813
11.804 b

0.109

O. 048

0.054 c

O. O51'

0.041
0.048
0.057
o.o54'
o.o5o '
0.039
0.054
0.050
0.052
0.047
O. 047
0.041
0.041

4.5(-5)
2.4(—5)
4.5(-5)

5.9(-3)
6.3(-3)
7.6(-3}'
5.7(—3)
8.0(—3)
6.8(-3)
9.1(—3)

8.8 (-3)
7.8(—3)
8.8{-3)d

7.7(—3)
]..O{-2)

3.8(—2)

4 8(—2}

4.9(—2)

10.173 "
10.173

10.198

1O.1V1'
10.165 "
10.173
1O, 1V1"

10.170
10.173
10.173
10.164

10.172

12.031
&2.O26"

2.2 (-3)

2.2 (—3)
2,2 (—3)
3.1(—3)

3.0(-3)
2.3(—3)
2.3(—3)
4.4(—3)

2.7(—3)

8.6(—3)

BS62
O'MG65
BT66
H66
HM66
BOW67
BOW67
BTP67
C6v
868
C R68
BGG69
BGG69
CC70
SOC71
MO71
CCS71
S71
8J72
CC72
BT73

O'MG65
8TI 6V

868
SOC71
M071

H50
O'MG65
BTP67
868
BT69
BGG69
BGG69
SOC 71
M071
DD71

868
OMcMc69
OMc Mc69
SOC 71
872

BOW67
027

BOW67
C72
072

BOW6V
C72
072

BOW67
072
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TABI.E V (Continuea)

Ref. Authors Comment

868 Burke (1968) (Ref. 16) Phase shift, 1s-2s-3p close coupling with 20
correlation terms

B72

BGG69 Burke, Gallaher, and Geltman (1969) g

Feshbach projection-operator formalism,
Hylleraas type

Phase shift, close coupling with pseudostate
expansion

Bardsley and Junker (1972)" Rayl. eigh-Ritz variational method, complex
coordinates

BO%67

BS62

BT66

Burke, Ormonde, and
Whitaker (1967) '

Burke and Schey (1962) &

Burke and Taylor (1966) (Ref. 42)

Phase shift, six-state close coupling

Phase shift, three-state close coupling

Phase shift, three-state close coupling with 16
correlation terms

BT69 Bhatia and Temkin (1969,1972)
(Ref. 39)

Bhatia and Temkin (1973) (Ref. 43}

Bhatia, Temkin, and Perkins (1967)"

Fesnbach projection-operator formalism, 56-
term Hylleraas wave function

Feshbaeh projection-operator formalism,
Hylleraas wave function

Feshbach projection-operator formalism with
50-term Hylleraas wave function

C67

C72

CC72

CCS71

Chen (1967) ~

Chung (1972) (Ref. 48}

Chen and Chung (1970) (Ref. 44)

Chung and Chen {1972) (Ref. 45)

Chen, Chung, and Sinfailam (1971)
(Ref. 40)

Feshbach projection-operator formalism

Feshbach projection-operator formalism

Feshbach pro jection-operator formalism

Feshbach projection-operator formalism,
separation of open and closed channels

Feshbach projection-operator formalism,
coupled equations with self-consistent optical
potential

DD71

H50

H66

Chen and Rotenberg {1968}~

Drake and Dalgarno (1971) (Ref. 41)

Hylleraas (1950) "

Holden (1966)'

Holden and Midtdal (1966) P

Feshbach projection-operator formalism, simple
five-parameter expansion

Hylleraas —Scher r-Knight 1fg expansion, perturbation
theory

Five-state expansion

Ritz variational method, in one-electron
modified Sturmian functions

Ritz variational method, in one-electron
modified Sturmian functions

072

0 MG65

ONcMc69

Matese and Oberoi (1971)&

Oberoi (1972) (Ref. 47)

O' Malley and Geltman (1965) r

Ormonde, McEwen, and McGowan (1969)
(Ref. 12)

Phase shift, modified close-coupling formalism
with several pseudostates

Feshbach projection-operator formalism, hydrogenic
and exponentially decaying wave functions

Feshbach projection-operator formalism

Phase shift, six-state hydrogenic close-coupling
approximation

Shimamura (1971) ' Phase shift, Kohn variational method, up to 70
Hylleraas terms and one nonlinear parameter
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TABLE V (ConI;inued)

Ref. Authors Comment

SOC 71 Seiler, Oberoi, and Calla~ay (1971) ';
see also Callaway, Oberoi, and
Seiler (1g70) u

Phase shift, algebraic close-coupling method

Reference 38.
~ Eigenvalues from Feshbach formalism, level shifts not calculated.' Is-2s-2p three-state hydrogenic close-coupling approximation.

1s-2s-2p-3s-3p-3d six-state hydrogenic close-coupling approximation.' Pseudostate close-coupling approximation.
~ A. K. Bhatia, Phys. Rev. A 6, 120 (1972).
~ P. G. Burke, D. F. Gallaher, and S. Geltman, J. Phys. B 2, 1142 (1969).
"J. N. Bardsley and B. R. Junker, J, Phys. B 5, L178 (1972).
' Reference 46.

& P. G. Burke and H. M. Schey, Phys. Rev. 126, 147 (1962).
"A. K. Bhatia, A. Temkin, and J. F. Perkins, Phys. Rev. 153, 177 (1g67).
J. C. Y. Chen, Phys. Rev. 156, 150 (1967).

~ J. C. Y. Chen and N, Rotenberg, Phys. Rev, 166, 7 (1968).
"E.Hylleraas, Astrophys. J. 111, 209 (1950).
o E. Holden, Proc. Phys, Soc. LoiM. A 71, 357 (1958); ibid. 88, 538 (1966).
P E. Holyfien and J. Midtdal, J. Chem. Phys. 45, 2209 (1966).
q J. J. Matese and R. S. Oberoi, Phys. Rev. A 4, 569 (1971),
' T. F. O' Malley and S. Geltman, Phys. Rev. 137, A1344 (1965).
' I. Shimamura, J. Phys. Soc. Jap. 31, 852 (1971).
' G. J. Seiler, R. S. Oberoi, and J. Callaway, Phys. Rev. A 3, 2006 (1971).
"J.Callas', R. S. Oberoi, and G. J. Seiler, Phys. Lett. A 31, 547 (1970).

energy of the excited state) is not necessarily the
same as the position of the center of the peak, the
agreement between the results derived from these
two quite different collision processes is gratify-
ing.

IV, CONCLUSION

Several lines were observed between 9 and 30
eV in the energy spectra of electrons ejected in
collisions of H with He, Ar, and H, . It is demon-
strated that these lines are due to autodetaching
states of H . An analysis of the reaction kinemat-
ics for the collision is given. Using lines from
Ar for a calibration the energy of the lowest
(2s') '8 line is 9.59+0.02 ev. The separations in

energy between the (2s') '8 and the (2s2P) '&, an
unresolved (2P') 'D and (2s2P) '&, and an unre-
solved n =3 line were measured. It is observed
that for He the '&, 'D-'8 separation is dependent
on the H collision energy.

The present determination of the energies of
these states agrees well with numerous theoretical
predictions and mith the experimentally observed
resonances in elastic scattering of electrons on
atomic hydrogen.

APPENDIX

Listed in Table V in this section are recent,
significant theoretical values for the energies of
the H states observed in the present experiment.
For comparison all values were converted to eV.
The energy scale was corrected for the finite mass
of the nucleus. BH = 13.59842 eV. ' The effect of
this correction was to reduce some of the pub-
lished values by 5 to 7 meV. In some cases,
where the authors corrected their calculations for
the finite mass, an incorrect value for R H was
used. "'"" In Table V, it is believed that all of
these errors have been eliminated and the energies
presented accurately.

For excited states below the + = 2 level, the most
accurate calculations were performed using a
three-state hydrogenic close-coupling approxima-
tion plus 20 correlation terms by Burke and
Taylor, "a six-state close-coupling calculation
for the (2P') 'D by Ormonde, McEwen, and Mc-
Gowan, "and the Feshbach projection-operator
formalism by Bhatia and Temkin"'" and Chen and
co-workers. "'"'" Below the &=3 level, the
most accurate calculations were performed using
a six-state close-coupling calculation by Burke,
Ormonde, and Vfhitaker" and the Feshbach for-
malism by Oberoi" and Chung. "
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