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Optical studies of spectral lines produced in collisions of He*+ H, have been made at energies

below 700 eV.

Lines of atomic hydrogen and helium are the only features observed.

Emis-

sion cross sections have been measured for Lyman-g, Balmer-o, Balmer-3, and for the
following He 1 lines: 5876 A (33D —23p), 6678 & 3'D—~2'p), 44714 4°D—23P). Emission
cross sections are also listed at certain selected energies for all spectral lines which have
been cbserved. Polarization measurements have been performed on the Balmer-«, the Bal-

mer-3, and the visible helium lines.

Only the Balmer-o line exhibits significant polarization,

and the results have been interpreted as indicating that the excited hydrogen atoms dissociate
primarily in a direction perpendicular to the ion beam.

1. INTRODUCTION

Stedeford and Hasted! have measured the total
cross section for charge transfer in He*+H, colli-
sions and have tentatively postulated that the prod-
ucts are helium atoms in the ground state and H,*
ions in the lowest antibonding state. This state of
the molecular ion, 2po,, dissociates into a proton
and a hydrogen atom in the ground state. However,
Dunn, Geballe, and Pretzer? have concluded from
the shape and magnitude of the excitation cross
section for producing the Lyman- « line by these
collisions that the charge transfer at energies be-
low 2.5 keV takes place almost 50% of the time in-
to states of H," which then dissociate into a proton
and a hydrogen atom in the 22P state. Gusev et
al.® have shown that the Balmer-« and -8 lines are
also produced rather strongly by He*+H, colli-
sions. The implications of these optical observa-
tions are that most, if not all, of the charge ex-
change at low energies takes place into states which
ultimately result in excited hydrogen atoms. In
the present work we have extended the spectral ob-

servations in order to obtain a more complete pic-
ture of the excited atomic states which may result
from collisions of the He* +H, system at energies
below 700 eV. Both the Lyman and Balmer series
as well as lines of He1 have been investigated.
The emission cross sections for several lines have
been measured from threshold to 700 eV, and
values are tabulated at a few selected energies for
all spectral features which have been observed.
The polarizations of the Balmer-« and -3 lines
have also been measured as a function of the ener-
gy of He*ions.! The latter appears to be unpolar-
ized, but the former exhibits a polarization which
is highly dependent upon the ion energy, being a
maximum of about 12% at 50 eV. Van Brunt and
Zare® have pointed out that both unequal populations
of the magnetic substates and a nonisotropic angu-
lar distribution of the molecular dissociation axes
are required in order for polarized light to be ob-
served. Although the magnitude of the polariza-
tion can provide information about this angular dis-
tribution, the interpretation of the experimental
results is ambiguous unless one knows which states
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of the molecule (H,*) are preferentially populated
and how these states are correlated tothe magnetic sub-
levels of the dissociated atoms. Some of these
ambiguities have been resolved by performing de-
polarization measurements (the Hanle effect) which
show that the 32D— 22P component of the Balmer-
o line is the source of the polarized intensity at

50 eV. An additional inference based upon the uni-
formly decreasing intensities of the members of the
Lyman and Balmer series is used to determine that
the molecular dissociation occurs most probably

in a direction normal to the incident ion beam.

II. APPARATUS

The ion-beam apparatus which has been used for
the present work consists of three differentially
pumped sections as shown in Fig. 1. The lower
section is separated from the middle one by an
electrically isolated chamber in which ions are
made by electron bombardment. A set of electro-
static lenses in the center section is used to steer
and focus the beam into the uppermost section
which functions as a collision chamber. The base
pressure of the system is 2xX10°® Torr.

The electron bombardment source utilizes an
oxide cathode deposited on a grade-A nickel base
which is 1.7 cm in diameter. Six tungsten fila-
ments are employed to heat the cathode indirectly
to temperatures up to 1000 °C. The nickel bases
are cleaned chemically and hydrogen-fired before
being sprayed with 15-30 mg of an RCA triple
carbonate (Ba, Sr, Ca) mixture. While maintaining
a pressure of 102 Torr of H, in the source cham-
ber, the carbonates are converted to oxides at
around 900 °C. Emission is obtained briefly at
this temperature and then stabilized by drawing up
to 300 mA for 3 h at 800 °C.

The emission of the cathode in a helium atmos-
phere is much less than it is in the hydrogen at-
mosphere under which the conversion takes place.
Electron currents reach only 1-6 mA during the
production of helium ions which are made by bom-
barding gas at a pressure of 2.5x10"* Torr with
electrons that have energies of less than 50 eV,
thereby insuring that doubly charged ions or singly
charged ions in the metastable state are not pro-
duced. The efficiency of production is enhanced,
however, by means of a small coil which produces
a strongly converging magnetic field in the region
of the extraction aperature. The maximum field
is about 100 G and is sufficient both to concentrate
part of the electron flux and to guide the ions to-
ward the aperture where they are drawn out by a
potential difference of 2-5 eV into the buffer cham-
ber which contains the electrostatic lenses. Ion
currents range from 0.1 to 2.0 uA depending upon
electron current and beam energies, and the
spread in the beam energy is about 3.5 eV.
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FIG, 1. Schematic diagram of apparatus.

The radiation produced in the collision chamber
is observed at 90° to the beam direction. Two
monochromators have usually been used to obtain
spectral resolution: a Jarrell-Ash model 82-410
0. 25-m instrument for the visible region and a
McPherson model 225 for the vacuum ultraviolet
region. All of the cross sections investigated ap-
pear to be linear functions of pressure up to 7
x10~* Torr, and the pressure of the target gas in
the collision chamber is always kept below this
value.

The apparatus has been designed so that the
beam is oriented vertically, parallel to the en-
trance slit of the vacuum monochromator. How-
ever, it has been found that the relative cross-sec-
tion curves obtained using this geometry are some-
times distorted owing to the variation in beam di-
ameter as a function of energy and a corresponding
change in the collection efficiency for the radiation
emitted from a given segment of the beam. There-
fore, it has been necessary to normalize the mea-
surements of the Lyman-8 cross sections at all en-
ergies by making comparison to the Lyman-« inten-
sity and relating this intensity to the absolute mea-
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surements of previous investigations .

Negligible distortions of the cross-section curves
occur if the beam has a small diameter compared
to the slit length and if it is moving transverse to
the slit. The visible lines were investigated using
this arrangement because the 0. 25-m monochroma-
tor can easily be placed in any orientation. Ab-
solute cross sections were established by measur-
ing the system response with a calibrated tungsten
filament lamp then using the value for Balmer-a
excitation at 150 eV given by Gusev et al.® Single-
photon counting techniques are used in all experi-
ments, but the signal is converted to analog form
when recording spectral scans.

A cooled EMI 9558Q photomultiplier tube is em-
ployed for detection of visible lines, and a Bendix
model 306 electron multiplier with a tungsten cath-
ode is used for the vacuum ultraviolet emissions.
The Bendix detector has a dark counting rate of
about 3/min, and by employing a magnetic deflec-
tor to reduce the electron dark current from the
unused portion of the cathode, the EMI tube
achieves a noise rate of about 4/sec.

Narrow-band filters are used to isolate the Bal-
mer-qa and -8 lines when making polarization mea-
surements. The relative intensities of light
emitted with electric field vectors parallel to and
perpendicular to the beam axis are determined by
using a polarizing film which rejects more than
98% of the undesired component. A pair of 8-in.-
diam Helmholtz coils are placed around the colli-
sion chamber with the magnetic field applied along
the direction of observation in order to observe
the Hanle effect.

IIl. SPECTRA AND EXCITATION CROSS SECTIONS

Spectral scans made at 25-A resolution in the
visible region are shown in Fig. 2 for beam ener-
gies of 200 and 700 eV. The Balmer lines com-
pletely dominate all other spectral features at the
lower energy and five members of the series are
clearly visible in the spectrum. The line at 3889
A is a combination of the sixth member of the
series and a line of Her. The data obtained at a
beam energy of 700 eV show that several lines of
Her are also seen quite prominently, indicating a
rapid rise of the probability of charge exchange in-
to excited states as the energy is increased. A
portion of the far-ultraviolet spectrum extending
from about 500 up to 1300 A is shown in Fig. 3.
This spectrum has been obtained at a bombarding
energy of 500 eV. The Lyman-q line is much more
intense than the other members of the series and
only the first one of the resonance lines of helium
shows up strongly above the background. Radiation
from excited states of H,” to the electronic ground
state might also be expected to appear in this vac-
uum ultraviolet region, but so far we have been un-
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able to detect such transitions.

The emission cross sections of the observed
hydrogen and helium lines are listed in Table I for
500-eV bombarding energy for the ultraviolet lines
and 700-eV bombarding energy for the visible
lines. Cross sections as a function of energy are
plotted in Figs. 4 and 5 for several of these transi-
tions. In all of our experiments we have made only
relative intensity measurements, and the error
bars represent 1 standard deviation of the number
of counts recorded at a particular energy.

Absolute cross sections have been computed for
the Lyman series by comparing relative intensities
to the absolute measurements of Dunn, Geballe,
and Pretzer at all energies.? The relative response
of the monochromator and detector to radiation at
1216 A and to radiation at the wavelengths of the
higher lines of the Lyman series has been obtained
by measuring the intensities of two lines of O1
which originate on the 2p3(P°)3s’’ ! P? state and de-
cay to either the 2p*'S or 2p* D states of the ground
configuration.® These lines are at 1217 and 999 A,
respectively. It was assumed that the system re-
sponse to all members of the Lyman series other
than Ly-«a was the same as that which was mea-
sured at 999 A. Itis estimated that this assump-
tion may lead to errors of about 10% in the cross
sections of these lines relative to the Lyman-«
line.

It should also be pointed out that there is some
question about the cross section reported by Dunn,
Geballe, and Pretzer for Lyman-q« at low ener-
gies. Young, Stebbings, and McGowan’ have made
similar measurements at 54.5° to the beam direc-
tion rather than at 90° in order to eliminate un-
certainties which can arise in the measurements
of cross sections if the radiation is polarized. At
high energies, above 1 keV, the two results were
in good agreement. Below this energy, though,
Young et al. obtained cross sections higher than
the value measured by the other group. Rather
than attributing the discrepancy to the effects of
polarization, they believed that certain geometri-
cal effects were not properly taken into account in
the experiment of Dunn ef al. In view of the pres-
ent results which show that the Balmer-a radia-
tion can be polarized, it seems reasonable to ex-
pect that the Lyman-« line may also be polarized
at low energies, and that discrepancies in the two
measurements of absolute cross sections should
be apparent from this effect as well as from dif-
ferences in geometry. However, because the mea-
surements made by Young et al. do not extend be-
low 500 eV we have used the other results to
normalize our data. It would be preferable in our
experiments to choose a single point at which the
previous two sets of measurements are in near
agreement and then to perform our own relative
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FIG. 2. Visible spectra pro-
duced by He* +H, collisions. The
upper and lower scans were pro-
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measurements of Lyman-a as a function of energy
rather than comparing our results for Lyman-g3
point by point with those of Dunne? al. However, as
discussed in the preceding section, this procedure
cannot be carried out reliably with the present ap-
paratus. The cross sections for producing both
the Lyman and Balmar lines are qualitatively
similar, rising monotonically from threshold to
maxima between 150 and 300 eV. All of these
lines become visible above the background at en-
ergies between 30 and 50 eV. The helium lines
appear to have slightly higher thresholds but do
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not peak at energies below 700 eV; however, there
is a noticeable shoulder around 100 eV in the cross
sections for the triplet lines which could indicate
that crossings of potential surfaces are involved
in the charge exchange process. This shoulder is
not apparent in the cross section of the 6678-A
singlet line, but counting rates for this line at en-
ergies below 200 eV are less than the photomulti-
plier dark count rate, and uncertainties in the
cross sections are subsequently large.

Dunn et aql. have discussed the possible mecha-
nisms which could lead to the production of Lyman-

FIG. 3. Far-ultra-
violet spectrum from
He* + H, collisions at
an ion energy of 500
eV.
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a radiation and concluded that the most likely of
these is charge exchange into the ground state of
helium leaving an excited H,* molecules which then
dissociates into an excited hydrogen atom and a
proton. The most convincing arguments for this
conclusion are that the total charge-exchange cross
section is very similar in shape to the Lyman-a«
cross section and that both curves exhibit a peak
of about 300 eV, the emission cross section being
about 42% that for total charge exchange at this
point. It can be seen from Table I and Fig. 4,
that about an additional 12% (cascading cannot be
taken into account here because the populations of
the various orbital states are not known) of the
total charge transfer can be due to processes which
leave H,"' in states which dissociate into protons
and hydrogen atoms with »>2. In view of the pos-
sibility that the Lyman- o cross section measured
by Dunn et ¢l. may in fact be smaller than the
actual cross section at low energies and that exci-
tation into the 2S state of hydrogen cannot be de-
tected optically, the entire charge-transfer cross
section for the H, +He"* system at low energies
might well take place by producing states of H,*
which dissociate into an excited atom and a proton.
Similar cases in which the charge transfer takes
place mainly through excited states are known for
certain ion-atom systems and can be understood
from the crossing of diabatic potential curves of
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FIG. 4. Emission cross sections of hydrogen lines;
crosses, Ly-o; solid circles, Ly-g; open circles, Hg;
triangles, Hg. The data for the Ly-o line are taken from
Ref. 2.
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FIG. 5. Emission cross sections of helium lines;
solid circles, 5876 A (3°D— 23P); open circles, 6678 A
(31D—21P); solid triangles, 4471 A (4°p—23p),

the quasimolecule. For example, Smith, Fleisch-
mann, and Young® have discussed these potential
curves for the (HeAr)* system. At large nuclear
separations the energy of the He*+Ar complex is
higher than that of He + Ar* but lower than that of
He +(Ar*)*. As the helium ion approaches the ar-
gon atom the potential curve rises steeply, cross-

TABLE I. Emission cross sections for observed lines

.of hydrogen and helium. Uncertainties in relative cross

sections are estimated to be 10% or less.

Beam energy Emitting Cross section
(eV) species Transition (10~® cm?)
500 Hydrogen Ly-a 65.0

Ly-8 9.0
Ly-y 2.2
Ly-6 1.2
700 Hydrogen H, 4.11
Hg 0.72
H, 0.27
H, 0.13
H, 0.05
700 Helium 6678 A (3'p—21p) 0.34
5876 A (3°D—2°%p) 0.83
4921 & (4'p—2'p) 0.06
4471 & (43D—2°%p) 0.16
43874 (5'p—~21p) 0.02
4026 A (5°D—~2°p) 0.07
5015 A (3!p—21s) 0.01
3889 A (33p—239) 0.28
7065 & (335—~2°p) 0.22
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ing the potential curves for neutral helium in the
ground state and excited argon ions at internuclear
distances larger than that at which it crosses the
potential curves that lead to argon ions in the
ground state. Hence, a large fraction of the charge
exchange, particularly at low energies, may take
place through excited states.

Although the (HeH,)* system is more complicated
than the ion-atom complex, it is possible that a
similar model may explain the apparent dominance
of charge-transfer processes which leave excited
molecular ions as products. The asymptotic in-
ternal energy of the He"+H, system before colli-
sion exceeds that of the final state, H+H"+He, by
6.6 eV, but is less than the final state H*(2P)+H*
+He by 3.6 eV. The potential surface of this sys-
tem is likely to become more strongly repulsive as
the ion approaches the molecule and it would ap-
pear that at low energies it could diabatically cross
the surfaces which lead to excited hydrogen atoms
in the product but not necessarily cross the surface
leading to hydrogen in the ground state.

1v. POLARIZATION MEASUREMENTS

Several experiments have demonstrated that
polarized radiation is produced by collisions of
electrons® and ions!® with molecular hydrogen. We
have shown previously that the H, line produced in
He®+H, collisions is polarized and that the polari-
zation is strongly dependent upon the bombardment
energy.* This dependence is shown in Fig. 6 to-
gether with the measured polarization of the H,
line. The polarization of the latter, as well as that
of the He1 lines, is small and does not exhibit the
marked variation with collision energy that the
former does. Although polarization measurements
are required in order to correct the computed

1041

emission cross sections presented in Sec. I, such
measurements may be even more important be-
cause of their potential for providing insight into
the collisional mechanisms of the dissociative
charge-exchange process.

Van Brunt and Zare® have pointed out that the
polarization of light emitted by atoms which are
produced by molecular dissociation can be related
to the angular distribution of the dissociation axes.
It is necessary that the angular distribution be non-
isotropic and that the magnetic substates of the up-
per state of the spectral line observed be unequally
populated in order to produce polarized light. Un-
fortunately, the observed polarization and the angu-
lar distribution cannot be related unambiguously un-
less one knows the relative populations of the mag-
netic substates. Also, the fact that the observed
hydrogenic lines are combinations of transitions
which originate from different terms makes the
analysis more difficult than it would be for other
atoms for which spectral resolution would permit
us to distinguish the orbital angular momentum of
the upper state. In order to ascertain which
excited orbital states are primarily responsible
for the observed polarization of the Balmer-« line,
a magnetic field has been applied perpendicular to
the beam axis and the polarization as a function of
field strength has been measured. The half-width
of the resultant depolarization curve which is
shown in Fig. 7 for a bombarding energy of 50 eV
is related to the product of the g factors and the
lifetimes of the excited states gr7. This quantity
is different for each angular momentum state of
the n=3 level and allows us to determine that the
2p states are primarily responsible for the polari-
zation near threshold. In principle, such mea-
surements could be refined to reveal which mag-
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netic sublevels are preferentially populated, and,
by making the proper correlation of these levels

to states of the H," molecule, to obtain information
about the angular distribution of the dissociation
axes. Our experiments are not accurate enough to
achieve this goal, however, and an additional argu-
ment concerning correlation of the orbitals in the
separate and united atoms of the H,* molecule is
used to infer that the dissociation is peaked per-
pendicular to the beam axis.

The calculations which relate the polarization of
atomic lines to the angular distribution of the dis-
sociation axis is carried out in the Appendix. If
both the observation direction and the applied mag-
netic field are perpendicular to the beam, the
polarization for transitions between states de-
scribed by a completely coupled angular momentum
scheme | (SL)JIFm ) is given by

P=21DG,(311)/ 22 (B+ D), )
where
D= (_1)S+2F+I +ZJ-L+m+1Cg,mL(2L+1)(2LI+1)

N L' L 12<F 2 F)
x(2J+1)(2F+1)2J%Aun<o 0 0) 0 -

m m
I FJl L L 1l{sL g
X{z JF} {z 1 L}{Z J L}’ @)
’ 2
B=C§'™ (2L’+1)%A,,,,<I(; I(; é) s (3)
and ’
G (3m)=T%+ 2wzl . (4)

The factors CJ*™ are coefficients of the th-or-
der Legendre polynomials in the expansion for the

0
MAGNETIC FIELD (GAUSS)

angular distribution.
Fy= 37 CEmLp, (coss) . (5)

1 even

The superscripts L and m; are the orbital quantum
numbers of atomic states which are populated by
dissociation from a given molecular state for which
A=m;. Angular momentum quantum numbers
which are primed refer to the lower state andthose
which are unprimed refer to the upper state. The
factor A,, is the square of the transition integral.

The lifetime of the excited state is given by 7
=1/T and the Larmor precessional frequency by

wp=grugH/T . (6)

If the collision excites only magnetic substates
which have the same value of w, then the polariza-
tion as a function of magnetic field strength can be
written as the product of the polarization at zero
field and a Lorentzian curve

P(H)=P(O)T[T? + (2w %] . (7

This situation does not usually occur, however,
even if only a single dissociative electronic state
of the molecule is excited. The various electron
spin states and nuclear spin states that can be com-
bined with the electronic state correlate to sub-
levels of the dissociated hydrogen atom which have
differing values of J, F, and m, and the field de-
pendent polarization consists of a sum of Lorentz
curves of various amplitudes and widths.
Equations (2)and (3) show explicitly that only the
zeroth- and second-order coefficients of the ex-
pansion in Eq. (5) appear in the formula for the
polarization of electric dipole radiation. There-
fore, the full angular dependence of the dissocia-
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tion cannot be obtained from optical measurements.

It will be useful to evaluate Eq. (1) for the cases
in which only a single electronic state of H," is
excited. In order to proceed with these computa-
tions it is necessary to determine the correlation
between the molecular states, including electronic
and nuclear spin, and the atomic states of hydro-
gen. Because electrostatic interactions dominate
the excitation process it is generally assumed that
the spin states are equally populated.

A given A state of a molecule can usually be
uniquely correlated to states of the separated atom
which have definite values of orbital angular mo-
mentum, but there is some ambiguity in making
this association for H,* because of the near degen-
eracies of the various orbital states which have
the same value of the total quantum number. Thus
a o state might correlate to mixtures of 03s, 03p,
and 03d in the separated atom. The atomic states
are not degenerate, of course, owing to the effects
of electron spin and the Lamb shifts, and it would
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be possible to obtain unique adiabatic correlations. -

Such correlations still do not assure that one knows
which states of the atom are populated subsequent
to excitation of a given molecular electronic state.
The proton and hydrogen atom may be dissociating
with several volts excess energy, and the nuclear
motion can cause excitation transfer in the region
where states of the same symmetry cross. Never-
theless, in order to effect some comparison be-

TABLE II.
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tween the theory of polarization given here and the
experimental results, we have assumed the diabat-
ic correlation between molecular orbitals and atom-
ic orbital states shown in Table II. The correla-
tions to specific magnetic substates are obtained
by setting m, =+ A, taking m;=my -3 for J=L -3,
- L+1<m; <L, and then associating the remaining
substates with J= L+ 3. The correlation to hyper-
fine states has been performed in an analogous
manner by coupling each magnetic sublevel of the
fine-structure multiplet to m,; =+ 3. The results
for the P and D terms (there is no polarization ob-
served from S states) of the n=3 level are shown
in Table II together with formulas for the polariza-
tion if only a single molecular orbital is excited.
The quantities 8 ,, are the ratios C3'™L/Cg'"~
which are taken to be the same for all atomic states
which correlate to a given state of H,*. These
formulas are plotted in Fig. 8 for comparison with
the experimental values obtained at an ion energy
of 50 eV. The measured points are the average of
two symmetrized depolarization curves, and the
uncertainties represent the average error at each
point. The comparison of experimental and theo-
retical results shows that the polarizationarises
almost entirely from 32D- 22p transitions but the
experimental errors and the uncertainty of the as-
sumed correlations make it impossible to deter-
mine from this data alone which set of atomic hy-
perfine levels is being preferentially populated.

Correlation of molecular and atomic states and expressions for the polarization in a magnetic field if a

single molecular state is excited. The Larmor precession frequencies are designated as wy, p.

Fine-structure Hyperfine
Molecular states states
states (n=3) F mp Polarization
1/2
4do,, 5fo, Pyyy 2 1
1 0 3128, 4 ( 1 . 2
P‘il//zz 1 0,—1 120+3B1,0 1"2+(2w3/2’2)2 F2+(2w3/2’ 1)2
3pm,, 4dm, P;%? p-i/2 2 2,0,-1,-2
s 3/2 1 1,-1 ~3T2%31,1 1 . 2
pl/e 1 1 120 = 38y,1 \T?+ (2wg g,9)° T2+ (2w, 1)
1/2 9 il ’ .
0 0
5g0,, 6ho, pl/2 3 1 31, , 12 . 16
o/ 2 0 T350;,1 \T+ (s /,9)° 0+ (2ws)y,0)°
D-1/2 2 0 . 14 _ 7 \
3/2 1 -1 T2+ (20)3/2,2F e+ (2w3/2' 1)2
4fm,, Sgm, D://zz, D-1/2 3 2,0 3T%, 4 16 . 16
5/2 2 1,-'1 3200 +46,32,1 F2+(2w5/2'3)2 I‘2+(2w5/2'2)2
pl/2 p-3/2 2 1,-1,-2 . 14
3/20  3/2 1 0 r2+(2w3/2'1)2
3d5‘5 4f6u 25/22, -5:;/22 3 3, - 1: -2,-3
2 2,-2 —3T%,., 28 . 32
3/ 2 2 3200 =816,,; \[2+ (2ws9,9 T2+ (2ws,2,0)"
1 1 14.

+ +
T+ (2wg/9,2)" T+ (w379, )"
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The fact that the experimental depolarization curve
fits so closely to the curves computed for 3%D

~ 22p transitions might have been expected. A
comparison of the emission cross sections for H,
and Ly-pB at 50 eV shows that they are in the ratio
2/1; the branching ratios for transitions from the
32p state indicate that the probability for decay to
the 12S state is almost eight times the probability
for decay to the 225 so that less than 7% of the in-
tensity in the Balmer-a line can be due to excita-
tion of the P state. Only if the polarization of the
32p~ 225 component were significantly larger than
that from the 32D~ 2%P component would the ex-
perimental depolarization curve be broader than
the theoretical curves for D-state excitation; such,
however, is not the case.

Interpretation of the polarization measurements
to obtain information about the angular distribution
of dissociation axes of the Hy," molecule must rely
upon the observation that the emission cross sec-
tions listed in Table I and the curves of Fig. 4
show that the probabilities for exciting the various
lines of the Lyman and Balmer series decrease as
the total quantum number of the upper state in-
creases. This variation with quantum number is
most pronounced at low energies; for example, the
ratio of the emission cross section of H, to that of
H, is 0.18 at 700 eV but is only 0.03 at 50 eV.
Excited orbitals of a dissociated hydrogen atom
correlate to various molecular states which are
designated by the quantum numbers »’'L'm  in the
united atom (He*) limit. For the most part, the
larger is the total quantum number » of an atomic
hydrogen state, the larger is the quantum number
n' of the state |#'L'm; ) to which it correlates.

The united atom designation is the most appropriate
one for characterizing the orbitals of H,*,!! and the
decrease of emission rates for the higher members
of the hydrogen series implies that the probability

RELATIVE POLARIZATION

5 10
MAGNETIC FIELD(GAUSS)

FIG. 8. Comparison of experimental depolarization
in magnetic field (solid circles) with theoretical curves
calculated from Table II.
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of promoting a 1sc orbital of H, to an excited orbit-
al of H,* simultaneously with charge transfer de-
creases with increasing values of »’'.

Three molecular orbitals with »’ =3 correlate
to the n=3 level of the hydrogen atom'?; these are
3ds,, 3pm,, and 3so,. The other nine molecular
orbitals which correlate to the » =3 level all have
n'>4. It would appear that the polarization of the
H, line at low collision energies is due to the pre-
ferential excitation of the »n' =3 levels and subse-
quent dissociation which produces unequal popula-
tions of the magnetic sublevels of the 32D state.
As the ion energy is increased, the »' =4 and 5
levels are excited more readily and the populations
of the magnetic substates become more nearly
equal thus reducing the polarization of the H, line.
Now the 345, state can dissociate only into 32D
states of the hydrogen atom which in a strong field
have m; =+2. The 3pr, and 3so, states dissociate
into levels which have m; =+1 or m =0, re-
spectively; these states would correlate to 3%P
and 32S in the absence of an external electric field
if the terms of the n=3 level were well separated
in energy and ordered according to increasing or-
bital angular momentum. However, as noted pre-
viously, the correlation is somewhat uncertain and
it is possible that a fraction of the molecules ex-
cited into 3pr, state may dissociate into the 32D, /2
state. From Table II, it is seen that for equal
values of the excitation cross section and the pa-
rameter g that the largest contribution to the po-
larization comes from preferential population of
the ¢ state. If we assume that only the 2D atomic
levels which correlate to this state are significant-
ly populated at a collision energy of 50 eV the value
of 8 is calculated (taking the fractional polariza-
tion to be 0.12) to be equal to —1.6. The angular
distribution then becomes

ps2(6)~1.8—2.4 cos®g + (higher-order terms) .
(8)

Although the higher-order terms in Eq. (8) cannot
be assumed as negligible [the coefficients must
add to at least 0.6 if pz,(9) is to be positive at §=0],
the first two terms indicate that the excitation of
the H,* molecule takes place most probably if the
internuclear axis is perpendicular to the beam
axis.

McKnight®® has recently reported direct mea-
surements of the angular distribution from 1-5 keV
of atomic metastables produced by the reaction we
have studied here. His results indicate that there
is very little momentum transfer and indeed show
a distribution in the laboratory reference frame
similar to that which is indicated by our analysis
of the optical results; namely, the metastables
are emitted with a distribution that is peaked at
right angles to the beam. When the momentum



6 OPTICAL EXCITATION AND POLARIZATION IN...

transfer is very small the angular distribution of
fragments from a dissociating state of H,* should
be the same as the angular distribution of the dis-
sociation axis. Therefore, both the optical polar-
ization experiments and the measurements of meta-
stable hydrogen atoms qualitatively indicate the
same angular dependence of the dissociative
charge-exchange reaction from the He"+H, sys-
tem.

APPENDIX: POLARIZATION CALCULATIONS

The intensity of light radiated from transitions
between hyperfine states can be expressed as a
summation over the radiation of all the sublevels.
If the states are expressed in a coupled scheme,
we have

I~ 2 (vop|d-F|nFa)(pd (t))

OF, aBu

x{(nFg|&- F|lvaup), (A1)

where & and F are the total-angular-momentum
quantum numbers, respectively, of the lower and
upper levels of the transition; u, a, and g are the
magnetic quantum numbers of the sublevels; and
v and #n specify all quantum numbers associated
with the radial wave functions. The relative popu-
lations of the sublevels excited by collisions are
not known but are specified by the time-dependent
elements of an excitation matrix of rank F,

o). (1)."* These elements are functions of the ori-
entation of the dissociation axis and must be aver-
aged over the angular distribution.

Measurements of linear polarization are made
parallel and perpendicular to the beam axis so we
choose to calculate the matrix elements with refer-
ence to a coordinate system which has its z axis
aligned along the beam. The spherical tensor op-
erators »C{" and »(CP - C{")/V2 are used to cal-
culate the matrix elements appropriate to 7, and I,,
respectively, and the polarization is defined as

_III_I.L

= A
I,+1, (a2)

The excitation matrix is diagonal with respect to a
coordinate system in which the z axis is aligned
along the dissociation axis, i.e., along the inter-
nuclear axis of the excited H,* molecule. It is
along this axis that the projection of electronic or-
bital angular momentum are quantized to form the
various A states of the molecule. Upon dissocia-
tion these states (including electron and nuclear
spins) correlate to states [#SLJFm) of the excited
atom for which m; = A. The relative populations
of the states produced by the collision is not known
a priori; as we have noted, the depolarization ex-
periments have been made in an attempt to deter-
mine which of these states may be selectively pop-
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ulated. The excitation matrices in the two coor-
dinate systems are related by the expression'®

P& =25, DEND, 0, v) ppS DE*(0,0,7),  (A3)

where p.) is an element of the diagonal excitation
matrix and the D’s are elements of the rotation
matrix which relate the excitation matrices in the
the two coordinate systems by rotation through the
Euler angles ¢, 6, and y. Because the angular
distribution of the dissociation axis is symmetric
around the beam axis, we can express it as an ex-
pansion in Legendre polynomials,

ph &) =33 CEmL p(cosh) , (A4a)

or in terms of the elements of the rotation matrix,

P =20, CF™ D (0, 6, 7) (A4b)

where the C’s are constant coefficients, and the
superscripts L and m; are the orbital quantum
numbers of the atomic states which are populated
by dissociation from a given molecular electronic
state. The average of p{’ over the rotation angles
is then

2r
(&) =2 (=1)mrckme [* [T [* D& (¢, 6,7)
Im o ‘0
xD&(®, 0, v) DE. (¢, 0, v)dd sinb dd dy , (A5)

<p:f’>=§(—1)m-*cf.mL(F !l F (F ! p) .

m 0 -=m/ \k 0 =2

The 3-j symbols have nonzero values only if the
sum of the elements in the bottom row vanishes so
that k =)x. If there is no magnetic field present in
the collision region, Eq. (A5) can be used in (A1)
by setting k=x=a=8.

When a uniform magnetic field is applied to the
collision chamber in an arbitrary direction, the
density matrix is obtained from solutions of the
differential equation

p'==(i/m)[3,p"'1-p" ' T+p"'Rp . (A8)

The term p% 'R, represents the steady-state rate
at which elements of the excitation matrix are gen-
erated by collisions. The temporal evolution sub-
sequent to excitation is given by the commutator of
p’’ with the Hamiltonian for the system and by the
radiative decay rate p’'I". For application of Eq.
(A8) to the present problem, only that part of 3¢
which describes the interaction of excited states
with the external field is of interest and for a given
element of p’’ we can write

211 (F) _

Brg T = = iwp(y = 8)pys = Tsg + RppYy (a7)

where y and § are the magnetic quantum numbers
of the excited states. The quantity wp '® is the
Larmor precessional frequency given by
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| o

wp=gplgH/ T, (A8) pressed in terms of the elements p,; which have
been calculated for a coordinate system in which
the z axis is aligned with the magnetic field. From
Eq. (A2) we obtain

where g is the g factor for the state and H is the
magnetic field strength. Equation (A7) is obtained
by evaluating the operator for the Zeeman effect

in a coordinate system which has a quantization p%’ =23 DE*(w)DE (¢, 6, V)opd

axis in the direction of the magnetic field so that mKh

we obtain uncoupled differential equations for the X DIF*(¢, 0, vIDF(w),  (A10)

?iil;lie;xts of p”’. The steady-state solution of Eq. where w denotes the three Euler angles 0, 3, and
Q, and ¥ and Q themselves are the polar and azi-

1= Rpp% [T +ily —8)wz]™" . (A9) muthal angles of the field direction. Also, we

In order to obtain the elements pJy of Eq. (1), have

pY%’ must be computed and the elements p,4, which P& =21 DI (W) DE* () . (a11)

are referred to the coordinate system in which the e

z axis is aligned along the beam, must be ex- Equation (A1) becomes

|

I~ 2 (weulé- FluFa)(wFp|é- Flvau) [T +ily - 6)wp]™
Fodmu
aBkAYE

X D ()DE* () (DE(D, 8, VpuE DE* (9, 6, 7)) DIV (wIDE™ (w) . (A12)

The average over the angular distribution of the dissociation axes has already been obtained in Eq. (A5).
After applying the Wigner-Eckart theorem to the matrix elements for the dipole operator the expressions
for the intensities of light polarized parallel to the perpendicular to the beam axes are

I"N E (_ 1)0+F+m+r+5-2x-3u~ clL,mL l <n|,y|y>‘2 <{)| ‘ C(l)| |F> <F| l C(l)l ‘@)

FOomup
K761
1 F Fl F Fl F . _
X(—u 0 u)z (m 0 —m) (K 0 —K> [T+i(y = 8)we] ™ DIV (@)D (0)D” (WD, (w) ,  (Al3a)
Fl F F l F
~ 1) +F+m-k-2u-1 ~L,m 2 (1) +(1)
1~ T (1) ctme | talrlv)l2 el [ el [yl [ ad( 1 _m)(K 0 )

(3413

1 F F 1 & —n+
><[1"+i('y—6)w,~]'1[(_¢“ _1 u+1><—u+1 -1 “>[(—1)“°"‘ “1DF) 1(w)D (w)Dg (@)

X DI, 4(0)+ (- 17+ 5 DEL (D) (@DE @Dy w)]

® 1 F F 1 9 46 K=l
(DO T D) e D D DS )

+(-1)“5'“'“*ID;ﬁf_1(w)D_‘*‘;j_K(w)D;f’(w)DfF,j_“l(w)]] . (A13b)

It is now useful to change the summation indices so that terms which correspond to different values of
(v - 6) can be treated separately. By letting (y —6)=0 and utilizing the orthogonality properties of the 3-j
symbols we obtain

I||~ QZF) (_1)@+3F+m-u-3u+lCf,mLAv"<q>l ‘ C(l)l |F> <F| | C(l)l | q,)
miol

@ 1 F¢/F F IN\(F1 F
X(—H 0 H) (“ . 0)(7”0 _m>Df',)0(w)D¢,%’(w)(I"+zcer) , (A14)

where A,,=(nl7|v)!% The summation over u yields

I~ T (1pFmeesicpmea, (ol [ ¢V | F) (Fl e @)
ot
. F
G s D # (o ) pers@ @ e a9
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The first 3-j symbol in Eq. (A15) must satisfy a triangular condition A(11L) in order to be nonzero; also its
symmetry properties require that it vanish for /=1. These conditions restrict the values of [ to [=0, 2
and imply that 0=0, 1, 2 only. The analogous result for radiation perpendicular to the beam axis is

om-  .af{F1 F\(1 11
1;5 (=1pFsm-oclimig (<1>||C‘”||F)<F||c‘1’||<1>>[r+wwp],‘<m 0 _m>{F F q)}

mol

<[-(1 1 o) vemsig (1) 1)) g piente]  @e

and the same restrictions apply to 7 and ¢ as noted for I,. These restrictions limit the information which
can be obtained about the angular distribution because only C5'™. and C%'™. appear in the result. The
polarization from electric dipole radiation, when averaged over the angular distribution of the dissociation
axes, cannot provide information about any terms in the angular distribution, Eq. (A4), which are of
higher order than the dipolar term. This limitation does not depend on our choice of observation axes to
obtain I, and I,.

After substituting explicit values for the D’s in Egs. (A15) and (A16), the following expressions are ob-
tained for the polarization intensities:

m ‘ mp JTJ1 1 O (FO F
i B erraeleninalietio o 1918 1)

Lom 112 (F2 F (l 2) _ sin?yla 31"2coszpsmzp3 I‘zsmzp>
+Chm™ V& {F u @}(m o —m) 1(2 cos?) — sin%p)? + il *2 =G F )’ (A17a)

- B carna ol levl ey e levl o[- ekt i 2 24T S )

5022
~opmk AL L 2E 2 F (oot S L arm)

Equation (A17a) and (A17b) show that the intensities of light observed parallel to and perpendicular to the
ion beam are independent of the azimuthal angle of the field and depend only upon the polar angle .
The reduced matrix elements are evaluated for an L-S coupling scheme

(SL'J'18| | CV| | SLIIF Y (SLIIF|| CV| | SL'J'1& y= (= 1)27+27" +25+2 «L'+L+F+® +1(95 1 1) (2F +1)

’ 2 ’ ’ 2 ’ 2
x(2J’+1)(2J+1)(2L’+1)(2L+1){‘1{, ‘3{} {5 7 f} & e 5) , (a18)

where the primed quantum numbers refer to the lower state of the transition. Finally, summation over &
and J' yields an expression for the polarization,

P=2DG,)/ 2 [B+4 DG,)] (a19)
with
D=(=1)S*23F+I+20 -Lumslol,my (97 1) (2L +1) (27 +1) (2F +1)

3 VE L’L12<F2FIFJ,L'L1 SLJ @
e 15A""<0'oo> m o -mh2 s F{lz 1 {\27 2f * ®2

n L' L 1\?
B=Ck L(zL’+1)%A,,(O o 0) , (A21)
1 2 . 2.\ 4T%cos?) sin®y I‘zsmzp(s1nzp+1)> (A22)

Gl(z[))—2 (cos ¥ (2 - 3sin®p) + Tt (w0 F T+ o, F ,
1212 sin% cos® 3I¥sin®y cos%p)
- . A23
G()=% (2 9 sin®p cos¥p + 2+ () T+ oy P (A23)
i

At an observation angle of ) =90° G,(3) is equal to states which are not resolved optically, usually the
unity and G,(p) is equal to T?[T%+(2wz)]". The hyperfine or fine structure states. Also, it should

summation indices in Eq. (A19) are taken over all be noted that the w;’s which appear in Eqs. (A22)
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and (A23)depend uponwhichfine structure component
isbeing considered because the g factor is given by

ISLER AND R. D. NATHAN

|o»

(A24)

_ (F(F+1)+J(J+1)—I(I+1)
gr=&s 2F(F+1) ) :
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The author has calculated contributions to the total photoionization cross section of Fer in
which the remaining Fe 11 ion is left in a low-lying excited state. The excited states con-
sidered are (3d)"%P, ‘F and (34)¢°D4p °D, °F, ¢P, *F, D, and ‘P. We used the velocity form
for the dipole-matrix elements and calculated the cross sections by means of many-body per-
turbation theory. Our results are compared with the cross section for photoionization of Fe 1

without excitation which we calculated recently.

Near threshold the contributions to the total

photoionization cross section involving excited (3d)” and (34)¢°D 4p excited states of Fer are
approximately 20% of the cross section without excitation.

I. INTRODUCTION

Atomic photoionization cross sections are very
useful in probing the details of atomic structure
and they are also of importance in other areas of
physics, particularly astrophysics.! It is important
for the atomic theorist to be able to make accurate
a priovi calculations of atomic photo-cross-sec-
tions. When accurate experimental cross sections

exist, the calculations serve as a test of atomic
theories and methods of calculation. Once an ac-
curate method of calculation has been established,
it can be used to predict cross sections for those
cases where experimental results do not yet exist.}
Recently we have calculated the photoionization
cross section of the neutral iron atom from thresh-
old to 10 keV.? The calculation was motivated both
by its usefulness for astrophysics® and also as an



