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point to the need for new approaches to the prob-
lem of Coulomb excitation of atoms with approxi-
mations that realistically and comprehensively
incorporate, ab initio, the finite charge of phys-
ical proj ectiles.
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When q «1, S2K rises steeply with q, approximately

proportional to q 8 ~. In the range q=5&10 to q=10,
f(q, 0) is known numerically [G. S. Khandelwal, B. H.
Choi, and E. Me~zbacher, At. Data 1, 103 (1969)].
Near q =1, S2K goes through a maximum of order unity
and diminishes slowly as p 'lnp when p»1.

It is interesting to note that the signs in Eq. (3)
would be reversed if the incoming projectiles were of
negative charge.

Testing a conjecture by Lewis, Natowitz, and Wat-
son (Ref. 5), we measured the relative Ku!EP x-ray
yields in Ni and found them to be constant to +5/p for
all the projectiles in the particle energy range studied.
By comparison, the measured Ni x-ray yield ratios
vary over a factor 2 in this range. We take this as evi-
dence that on the scale of the effect under investigation
the fluorescence yield is independent of Zq, at least for
small Z&, as indeed one should expect on theoretical
grounds.
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The dissociative excitation H2+e-H(2s)+H+e has been studied with a time-of-flight
method. Measurements of the excitation function and the angular distribution of the
metastable atoms show that the slow atoms arise from dissociation out of e Z„'and
B' ~„'states and from predissociation out of the d II„+and D 'II„+states. The fast
atoms arise from a previously unreported II„statethat corresponds to a separated-
atom limit in which both atoms are in n =2 states.

The dissociative excitation of molecular hy-
drogen can proceed via the process H, +e —H(2s)
+H+e in which one of the product hydrogen
atoms is in the metastable 2'S]/2 state. Leven-
thaI, Robiscoe, and Lea' used a time-of-flight
(TOF) method to measure the energy distribution
of the P(2s) atoms and found that the dissociative
excitation yielded metastable atoms in two dis-
tinct kinetic-energy ranges: -0.3 eV ("slow" )
and -4.7 eV ("fast"). Subsequent TOF experi-
ments on the dissociation of H, have been re-
ported by Clampitt and Newton' and also by
Czarnik and Fairchild. ~ In the present Letter
we report results obtained from a TOF experi-
ment' that differs from the earlier work mainly
in that the detector can view the angular distribu-
tion of the B(2s) atoms with a resolution of 1
degree over a range of 60 to 120 degrees with
respect to the electron beam. From measure-
ments of the excitation function and the angular
distribution of both the slow and fast metastable

atoms we deduce the symmetry, multiplicity,
and asymptotic energy of the final states of the
dissociation process; our conclusions here dif-
fer in several significant aspects from those re-
ported by the abovementioned workers. For ex-
ample, we find that the fast H(2s) atoms arise
from a previously unreported 'II„state that cor-
responds to a separated-atom limit in which
both H atoms are in n = 2 levels.

Figure 1(a) shows a schematic of the dissocia-
tive excitation process. An electron collides
with the H, molecule and excites it "vertically"
in the Franck-Condon region. If the transition
is to a point above the asymptotic limit of the
excited state, (or if, as in predissociation, a
normally bound final state mixes with another
state that has a lower asymptotic energy) then
the molecuIe dissociates. The excess of the ex-
citation energy over the asymptotic energy of
the final state is shared, equally, as kinetic
energy by the outgoing hydrogen atoms. The
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FIG. 1. (a) Schematic of dissociative excitation pro-
cess leading to "fast" and "slow" metastable H(28) at-
oms. Q) Schematic of experimental arrangement.
H(2s) atoms impinging on the Channeltron continuous
electron multiplier produce pulses which are processed
and stored using a time-to-amplitude converter and
multichannel analyzer.

slow H(2s) atoms arise both directly from tran-
sitions of type a and also through predissociation.
The fast H(2s) atoms arise from transitions of
type b in which the Franck-Condon region inter-
sects the excited-state potential-energy curve
well above the energy of the asymptotic limit.

Dunn' has shown that electron impact on a
'Z ' molecule can lead to Z&', ~l„,and hg ex-
cited states if the molecule is perpendicular to
the symmetry axis, and that the impact can lead
to Z&' and Z„'excited states if the molecule is
parallel to the symmetry axis. At threshold,
the outgoing electrons have an s-wave distribu-
tion so the direction of the incoming electron
beam serves as the axis of symmetry. Since the
dissociation occurs in a time that is short com-
pared to the period for molecular rotation, the
trajectories of the outgoing H atoms indicate,
to good approximation, e the molecule's orienta-
tion at the time of dissociation. Thus the angular
distribution of the H(2s) atoms may help to de-

termine the ~ value and the symmetry of the
state that has been excited by electron impact.

Figure 1(b) shows a schematic of the experi-
ment. ' A beam of electrons passes along the
axis of the 1.3-cm-long by 1.3-cm-diam cylin-
drical interaction region. The electron gun is
calibrated against the known excitation func-
tions for the metastable states of helium and ar-
gon; the electron energy resolution is + 0.3 eV.
Pulses that are 0.4 p.sec or more wide are em-
ployed at a rate of 5&10' per second when taking
TOF data. The H, gas passes from a storage
cylinder through a needle valve and a long length
of narrow-bore tubing, and the gas strikes a
baffle as it enters the interaction region; thus
the target H, molecules have a random, thermal
(-400'K) motion. The pressure of H in the in-
teraction region ranges from 0.1 to 3x10 ' Torr
for the experiments reported here. 13 cm away
from the interaction region the metastable atoms
are detected by allowing them to strike the cath-
ode of a windowless electron multiplier. The
pulses from the multiplier are processed and
stored with a time-to-amplitude converter and
a multichannel analyzer. The H(2s) atoms can
be distinguished from metastable H, molecules
since the atoms quench in a dc electric field that
can be applied just ahead of the detector.

Slow H(2s) atoms. Slow atom—s with kinetic
energies of 0.16 eV are produced only if the en-
ergy of the bombarding electrons exceeds 14.9
eV. The asymptotic limit of the final-state po-
tential, 14.6+0.3 eV, is obtained by subtracting
the total kinetic energy of the final state (2X 0.16
eV) from the 14.9-eV threshold. This is quite
close to the sum of the 4.5-eV dissociation ener-
gy of the molecule and the 10.2-eV potential
energy of the metastable atom in the H(ls)+H(2s)
separated-atom limit.

The results of the previous workers'~ disa-
gree concerning the relative abundance of very
slow H(2s) atoms in the TOF distributions. In
the present experiment, the distributions taken
with 38-eV electron energy (where contributions
from metastable HR molecules are still evident)
and with 80-eV electron energy show a deficiency
of the slowest H(2s) atoms in general agreement
with the findings of Leventhal, Robiscoe, and
Lea. '

The excitation function for producing slow
H(2s) atoms (Fig. 2) can be considered as a sum
of two excitation functions, one (curve n) with
a rapid rise and fall as is characteristic of a
singlet-triplet transition, and another (curve P)
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is ruled out because the Iowest asymptotic ener-
gy for a doubly-excited 6

&
state is 26.8 eV.

This means that the final state leading to the fast
atoms is a 'll „statethat dissociates to H(2s}
+H(2P). It is noteworthy that this state (shown
in Fig. 3) has not been previously reported in
the Iiterature.

The main disagreement between our conclu-
sions and those given in the pioneering paper
of Leventhal, Robiscoe, and Lea' is in the assign-
ment of the excited state that is responsible for
the fast H(2s) atoms. We differ from Czarnik
and FairchiId in concluding that triplet states
and pure dissociation, in addition to singlet states
and predissociation, are important in the pro-
duction of slow H(2s) atoms.
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We thank John Pearl, T. E. Sharp, and Robert
Freund for useful discussions.
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(2)

It is shown that a magnetic perturbation may lead to an enhanced transport of heat and
particles. The observation of anomalous electron heat conduction and particle diffusion
in the experimental devices may be explained by the effect.

The presence of trapped particles enhances the imperfection is small and the flux surfaces are
collisional diffusion rate in an axisymmetric to- deformed but still closed.
roidal plasma (banana diffusion}. ' Some of the ex- The magnetic disturbance will modify particle
perimental results have shown that the diffusion orbits. We use the magnetic moment p, and the
rate, especially for electrons, may be larger longitudinal invariant J to describe the orbits of
than the theoretical predictions. In the following the guiding center:
it will be shown that magnetic perturbations may 1 2 g

p. = 2mv y'B, Ilead to an additional transport of particles and
heat. The magnetic perturbations could be pro- J= f(mv'- 2pB)"' dl,
duced either by the unavoidable imperfections of where m is the mass of the particles, v and v~
construction or by magnetohydrodynamic turbu- are the velocity and its perpendicular component

B is the magnetic field strength, and dl is theFirst we consider the static perturbation. If line element of a flux line.
the flux surface is not closed, there is a trivial The deviation of the guiding center due to the
plasma loss through the flow along the flux lines. field errors is dependent on p. The particles
This type of loss has been discussed previously with large magnetic moments tend to follow
by several authors. ' It is assumed here that the curves of equal magnetic field strength and the




