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Electron-photon coherence and correlation parameters for electron-impact excitation of the
n I' (n =2—8) states of helium at 80 eV are predicted to be essentially independent of the principal

quantum number ( n), and the available experimental data for n =2 and 3 show (semiquantitatively)

the same behavior. The n independence of these parameters predicted by first-order many-body

theory can be explained using basic concepts associated with quantum-defect theory and, if verified

by further experimental results, has important consequences for understanding the physics of the

electron-atom scattering process.

A number of experiments involving electron-photon
coincidence with atomic targets have been reported since
the pioneering work of Eminyan et al. '2 The vast major-
ity of these experiments have examined the electron im-
pact excitation of the 2'P or 3'P states of helium al-
though results involving neon, argon, krypton, mercury,
sodium, and hydrogen have been reported recently. The
first set of coherence and correlation parameters, denoted
by A, and X, were introduced by Eminyan et al. ' to treat
excitation of the n 'P (n=2, 3, . . .) states of helium. They
defined A, and X by
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where aM denotes the scattering amplitude for the excita-
tion of the Mth (M =0,+1}sublevel of the n 'P electron-
ic state. Calculations of the l and X parameters have
been reported using distorted-wave theories, first-order
many-body theory (FOMBT), distorted-wave polarized-
orbital approximations, multichannel eikonal theory, and
the R-matrix method. '6 Because of simpler physical in-
terpretations ' emphasis has recently been placed on us-

ing the equivalent (Li ) and y parameters, which are de-
fined by7's

( Li ) = —2[A,(1—A, )]'~2sinX,

tan(2y) = —2[A(1 —A, )]' cosX/(2A, —1) .

The purpose of this paper is to report that the eoh«-
ence and correlation parameters for excitation of the n 'P
(n =2—8) electronic states of helium, at an incident elec-
tron energy of about 80 eV, are predicted to be essentially
independent of the principal quantum number (n) for all
scattering angles. These new predictions for the (Li)
and y parameters were obtained using the FOMBT (Ref.
9) with the slight modification that the transition density
matrix was calculated using "fixed-core" Hartree-Fock
(HF) wave functions' for the atomic target states.

Figures l and 2 compare the theoretical results for the
(Li ) and y parameters (respectively) for excitation of the

+ (4)

where Pi, (r) is the ground-state HF orbital and P„(r) is
the fixed-core HF orbital of the n 'P electronic state. The
cause of the weak n dependence of the (Li ) and y pa-
rameters can be traced to the weak n dependence of both
V» ~(r) and Pkt(r). It is to be noted that only the

behavior of the P„z(r) orbital where P»(r) is nonzero is
important in Eq. (4) and in this small-r region the only
strong n dependence in P„z(r) comes through the orbital
normalization constant. According to quantum-defect
theory (QDT), one ean write P„~(r) in the form
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v„(1+C„

P„~(r) = ( —1)"
2

P(E„,r),

n 'P (n =2—8) states of helium with the available experi-
mental data for excitation of the 2 'P and 3 'P states and
with the R-matrix calculation results of Fon et al. " in
the 2 'P case. From these figures it is clear that the coher-
ence and correlation parameters calculated by FOMBT
are essentially independent of the principal quantum num-
ber (n) We.note that the experimental data for n =2 and
3 in Figs. 1 and 2 also suggest an n independence al-
though the error bars are currently too large to be certain.
We note that if the (Li ) and y parameters are n indepen-
dent, then so will be the A, and X parameters, and vice ver-
sa.

This predicted n independence can be understood by ex-
amining both the direct and exchange scattering T ma-
trices. The "direct" portion of the FOMBT T matrix
(T ) for excitation of the n 'P states of helium can be
written in terms of the radial integrals,

D 00

Tkl k i ',o', P'kl(r}Pk i (r) Vl ''p(r)dr (3)

where Pkt(r) is a continuum Hartree-Fock (static-
exchange) orbital with energy k (in Ry) and angular-
momentum quantum number l, and V» „z(r} is defined
by

r
Vi, „z(r)=—

2 Pi, (r')P„z(r')r'dr's~np 2 0 g
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FIG. 1. The (I.) ) parameter, as a function of the scattering angle, for excitation of the n P states of hehum by 80 eV energy elec-
trons. The darkest shaded region denotes the present FOMBT results (n =2—8); the lightly speckled regions denote the experimental
data for the 2 'P state (Refs. 1, 2, 12—14, and 19—21); the cross-hatched regions denote the data for the 3 'P state {Refs. 15—19).

where the effective quantum number v„ is defined by
v, =II —p, „. Iu„ is the quantum defectan, d the energy of
the n 'P state E„ is given by

—me4 Z' —me4 Z'
z 2

=
2 2

(Z=2 for helium),
21rI (n —p„) 2' v„
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In the lolnest-order approximation, the energy depntdence
of both the qauntum defect and P(E„,r ) can be neglected
to yield

and C„ is defined as C„=C(v„)with C(v)=dpjdv,
The function P(E,r) is an analytic function of E in the

small-r region. Thus we can write
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FIG. 2. The y parameter, as a function of scattering angle, for excitation of n I' states of helium by 80 eV energy electrons. The
notation used for the other two shaded regions is the same as used in Fig. 1. The apparent "cusps" in the FOMST results near 8=40
are an artifact of the phase convention choosen for determining y from Eq. (2).
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where T~~'I, I depends on n only through k'. Thus in
zeroth-order approximation, we obtain the same n depen-
dence for TI,I ~ r and T~~ ~ r. Therefore, Eqs. (9) and (10}
show that the A, and 7 parameters will be approximately
independent of n because these parameters involve ratios
of the magnetic sublevel T matrices and the multiplying
factor (v„/2) '~

( —1)" cancels from the ratio. For the
exact T matrices, however, a weak n dependence will
enter A, and g through the n dependence of P(E„,r) and
PI, i (r) functions. One may extend this analysis to
second-order many-body theory (SOMBT) (Refs. 24 and

where TI,i:i, &
depends on n only through k'.

The above result shows that, in the lowest-order ap-
proximation, the ratio Vi, „~(r)/Vi, „~(r) is a contant.
In a numerical study using the coro.piete expression, we
found that for n =2 and n'=6 this ratio changes by less
than 20% from r =0 to 6 a.u. and by less than 1% from
r=6 to 50 a.u. For r values that are larger than the ex-
tension of the atomic 1s orbital (i.e., for r )6 a.u.},it can
be shown that this ratio is constant for the accurate
Vi, ~(r) potential and, in calculating T~ i;i for low l
partial waves (l, l'=0, 1,2,3), the influence of the larger-r
values of Vi, „z(r) is most important for the accurate pa-
rameterization of the T matrix. For small-r values in

Vi, ~(r), the {weak) E„dependence becomes relatively
more important and has an infiuence for large scattering
angles.

An additional n dependence enters Tsi I, i via the
P~ i (r) orbital through the energy of the scattered electron
k' =k —(E„—E, , ). It can be shown that TI,i I;I de-

pends only on the ratio k'/k if spherical Bessel functions
are used for PI, i (r) and the asymptotic form for
V„~(r). In the intermediate-energy region, the energy
of the 2 'P state differs by about 5% from the ionization
potential, and therefore, the k'/k ratio will introduce only
a weak n dependence.

We note here that both the Born and Glauber approxi-
mations give A, =cos28x and X=O (and also y= —8x)
where 8x is the polar angle of the transferred momentum
K=k'- —k relative to the incident momentum, k. As a
consequence, coherence and correlation parameters ob-
tained with these scattering models are exactly n indepen-
dent if A, and X are plotted as functions of 8x and not the
scattering angle 8. This indicates that in general, one
might obtain a more pronounced n independence for A,

and g if they were plotted as functions of 8x.
The exchange T-matrix element (Tx) can be analyzed

in a similar fashion and, since T contributes relatively
little to the total T matrix, the energy dependence of the
scattered electron orbital can be completely neglected. If
Eqs. (5) and (7) are used, we obtain in the lowest order ap--
proximation

25) and show, that in the adiabatic limit, the second-order
transition potential essentially reduces to a form given by
Eq. (4) except that Pi, (r} is replaced by a "polarized" Is
orbital for which the spatial extent does not differ signfi-
ciantly from that of the is orbital. Therefore, the argu-
ment used following Eq. (4} is also valid in this case
and indicates that SOMBT, at least in the adiabatic limit,
will also demonstrate the n independence predicted by
FOMBT. It is more difficult to make predictions about
conventional distorted-wave (DW) theory 6'2 or that ver-
sion of itz which uses distortion potentials of the final
{excited) state for both incident and scattered electrons.
In these theories, the incident and scattered electron orbi-
tals also depend on n through the distortion potential, but
this is expected (in most cases) to introduce only a weak n

dependence. However, close to resonances and to the exci-
tation threshold, the effect of the excited state potential
can be significant and therefore may cause a stronger n

dependence in the associated T matrix beyond the one in
the normalization constant.

The n independence of the correlation and coherence
parameters predicted by the FOMBT may have a broader
significance than these results alone. We noted above that
the experimental results shown in Figs. 1 and 2 do indeed
appear to be approximately independent of n. If the
predicted n independence (for an incident electron energy
above threshold and away from the resonance regions) is
indeed verified by more extensive experimental measure-
ments, it establishes the following.

(i) The strong n dependence for the exact T matrix can
be factored out so that ratios of the various magnetic sub-
level T matrices are indeed independent of the principal
quantum number ( n).

(ii) Integral cross sections for excitation of any n can be
calculated, for incident electron energies above threshold
and away from resonances, by using this n scaling (ap-
proximately v„) and the best available experimental or
theoretical data for n & 3. It is important to note that this
is not just a high-energy or large-n scaling relationship
but is limited only by the accuracy of the scattering model
or the experimental data being extrapolated to larger n

values.
(iii) The electron-photon coincidence characteristics for

an excited state of a particular symmetry can be measured
accurately by choosing a specific (and perhaps different) n
value for which the associated optical emissions can be
easily measured (e.g., the visible), rather than be restricted
to emissions from the specific state of interest.

We note here that the dependence of {Lj) on the
scattering angle predicted by FOMBT agrees better with
experiment than does the predicted y dependence. The
fact that no theoretical model correctly predicts the mea-
sured increase in y for scattering angles 40'&8& 110, in-
dicates that the observed increase in y is apparently due to
some physical interaction yet to be identified although the
data in Figs. 1 and 2 appear to approximately satisfy the
predicted n independence.

Additional measurements (as well as calculations with
more elaborate theories) of the coherence and correlation
parameters in helium (for n )3) and other atomic targets
are needed to test the predictions made in this paper.
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