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Influence of a Strong Magnetic Field
on Plasma-Broadened 2P-4Q (Q=P,D,F) He 1 Lines*

C. Deutsch
Département de Recherches Physiques, Faculté des Sciences, Tour 22-9, Quai Saint Bernard, Parvis Veéme, France
(Received 8 January 1970)

The profiles of He1 4471- and 4921-4 lines and their forbidden components have been calcu-
lated for N,=6x10' ecm™ and 7,=2%10*°K in the presence of a 70-kG magnetic field, with
the aid of an extended formulation of the impact theory. In both cases, the lines exhibit im-
portant modifications, which are not shown by isolated or completely degenerate lines in sim-

ilar situations.

Recently, it has been shown' that the static
Stark patterns of the hydrogenic lines 2P-4Q(Q
=P, D, F) located at 4471 and 4921 A in the spec-
trum of neutral helium are deeply modified in the
presence of a static magnetic field. These lines,
of great interest in plasma diagnostics, have been
the object of several recent investigations %2 for
the case when there is no magnetic field. The pur-
pose of this article is to present the given profiles
for the case that a strong magnetic intensity con-
fines the emitting discharge. The formalism used
for that study is based on the generalized impact
theory developed by Griem et al. ¢ conveniently ex-
tended’® in order to take into account the full
structure of the static patterns in presence of com-
bined Stark and Zeeman effects.

Then the light intensity polarized along a unit
vector ¢ may be written

I(w,é)=7"'Re [W(F)dF 2

iydokyl
X{n'k|& - R|nl)(n;|(n,]|
x{ilw - 77 Hy = Hp)l= Guuet ) '), (1)

(n,-lé'ﬁinﬁ

with R the optical electron position vector. H,

[H,] is the atomic Hamiltonian® taking into account
the full static electromagnetic perturbation oper-
ating on the sublevels |#;) and |#n;) of the upper
state (#) [17;) and In,) of the lower state ()] of
the line. ¢,, denotes the electron collision (or re-
laxation) operator.

As in most line-broadening theories, the ions
are regarded as infinitely massive classical par-
ticles over the time of interest (static ion approxi-
mation). Moreover, it may be shown that the low-
frequency microfield distribution® W(¥) is rigor-
ously unaffected’ in presence of a magnetic field
of any strength when Doppler broadening is negli-
gible in a thermal plasma. Therefore, it remains
to evaluate the ¢,,. matrix elements. We restrict
our attention to a sufficiently high electron density,
such that the Larmor radius remains greater than
the corresponding Debye length, i.e.,

re/Ap=4.544x1073N,2 /B> 1, (2)

where N, is in cm~® and B in gauss.
e

The electron-atom interaction may then be eval-
uated with the usual monopole-dipole approxima-
tion and a straight-line trajectory for the perturb-
ing electron travelling in the Debye sphere sur-
rounding the emitter.
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Leaving apart the cumbersome, but trivial, alge-
braic quantities involving the atomic matrix ele-
ments, ° and restricting ourselves for the purpose
of discussion to the upper state (z), the electron-
impact contribution of a second-order transition
i—1'~1 will be given by the average of the general-
ized width function A(z, z’) and of the generalized
shift function B(z,z') (z and z’ are the dimension-
less adiabaticity parameters z =w;;»Xp/V and z’
=w,;+Xp/V) taken over the impact parameter p and
the velocity V, weighted with a Maxwellian distri-
bution. It is important to realize that the off-diag-
onal dynamic quantities with z #z’ keep a physical
meaning in the impact theory* in the presence of
a sufficiently high electron density fulfilling in-
equality (2). More precisely, the relation

Wi <w, (3)

is satisfied for all the 2P-4@ components with N,
210° em~® and BX10° G. Hence, the neglect of the
very slow (as referenced to the plasma frequency)
time dependence of the statically perturbed (4, I, m)
states® appears well justified for the considered off-
diagonal S-matrix elements. ’® Another way to appre-
ciate this fact in the Baranger scattering formula-
tion® of the impact theory is to remark that these
off-shell matrix elements remain always close to
the energy shell in the no-back reaction hypothe-
sis. Therefore, their absolute value is relatively
small compared to the diagonal terms (less than 3
of the latter), but they are numerous and they
make the real and imaginary parts of the impact
profile noncommutative, a feature that increases
their numerical importance.

The inequality (3) allows us to consider A(z, z")
and B(z, z") with

lz-2z'|%0.15, @)

for the conditions given above, which are more
than sufficient in practice. A too restrictive inter-
pretation® of the impact theory forbidding the use
of off-diagonal ¢,,,» matrix elements would lead us
to consider only the two unphysical limits of com-
plete degenerate lines without static splitting and

superposed isolated lines without mutual interaction.

The latter approximation is clearly ruled out for
the 2P-4Q lines, even in the absence of magnetic
field, as evidenced by precise experimental mea-
surements. ° The latter show that the singlet line
2'P-41Q keeps a greater half-width than the triplet
one does, although the unperturbed-levels system
4'Q is spread over a narrower interval!! than the
4%Q one, Actually, this fact can only be understood
with a more intense interaction between the split
sublevels than that produced by a simple isolated
lines superposition.

The dynamical parts of the collision-operator ma-
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trix elements may then be written explicitly for the
upper state (n):

. nlni me -v[ £ ac
Re (n;|¢,|nl) A dye™| A 7 ’\/y)
c ac b abdb
ra(f 4)-e( ),
~f[cdve” [p(c ac
Im<ni‘¢nlnl> K 2}1 ['B<Vy :‘/y>

o5 2))

where y=m,v%/2kT,, a=w;n/wy,

b=("~’il'xpmax/v ’

c= bpmln/pmax , V= (ZkTe/me)“z ,

@(z,az)= f: AR’ az")dz"/2" .

w;;» and w;;. are the statically perturbed angular
frequencies. The impact cutoffs p,;, and p,., are
those discussed by Baranger, 8 conveniently gen-
eralized for the off-diagonal ¢ matrix elements.
In Eq. (5a), the A function accounts for the strong
collision contribution.

The complete electron contribution also includes
a very weak term arising from the lower level »’
=2 and a small real cross term which are both
exactly handled as those made explicit in Egs. (5a)
and (5b).

An accurate evaluation of the foregoing dynamic
quantities [especially (5b)] requires cumbersome
analytical manipulations. Fortunately for the 2P-
4Q lines, with N,210% ecm™® and B<10° G, it is
sufficient to replace the complete expressions for
A, @, and B with their asymptotic expansions!?
which are much easier to handle.

The resulting electron profile has to be factor-
ized with the quasistatic matrix elements® and the
low-frequency microfield distribution.® In the gen-
eral case, this operation demands an angular aver-
age of the electric field ¥ taken with respect to ﬁ,
which can be safely neglected in presence of a
strong magnetic intensity. It is worthwhile to em-
phasize that the degenerate perturbation method
used in Ref. 5 allows us to evaluate simultaneously
and accurately the static electromagnetic perturba-
tion of the 4Q(Q =P, D, F) sublevels, thus avoiding
complicated manipulations of questionable accuracy
with the quadratic Stark effect of separate sublevels.

III. RESULTS

The complete profiles are shown in Figs. 1 and
2, respecgively, for the 4921-A singlet line and
the 4471-A triplet line with the intensities ob-
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FIG. 1. Profiles of the singlet 2!P-4!Q (@ =P, D, F)
line centered at 4921.93 &.

served parallel and perpendicular to H and ex-
pressed in terms of the polarized intensities by
the relations

1,(an) = 3[1(ax, x) +1(ax, 3)] (6a)

I.(ax) =3[1,@)) +1(an, 2)] . (6b)

At first sight, the given profiles show a structure
which looks very different from the isolated-line
Lorentz triplet!® and from the hydrogen H, line
broadened in the presence of a strong magnetic
field* with the same (N,, T,) values.

More precisely, the parallel intensities I,(A))
keep their central peaks 2P-4D and 2P-4F. The
perpendicular intensities I (A1) again exhibit this
structure, but with a strong asymmetry. The sec-
ond peak of I,(Ax) may be surely attributed to the
2P-4F maximum, as would be shown in a plot of
I(A), 2) (polarized along the magnetic field and
free from the o components®®) with the same two-
peaked structure.

Another striking result is the absence of ¢ com-
ponents on the 2P-4D side and the appearance of a

C. DEUTSCH 2

weak o component on the 2°P-4°F side only, locat-
ed at (see Fig. 2)

A, =2%x4.688X10" B , (7)

where A, and X are in angstroms, and B in gauss
(see Fig. 2). This feature is easily explained by
the interpenetration of the 2P-4D and 2P-4F static
patterns in the presence of a strong Zeeman effect®
and also by the dominating electron-impact effect in
the line center, at the vicinity of the 2P-4D maxi-
mum. This behavior is more pronounced for the
4'Q sublevels, which have a stronger mutual inter-
action, than for the 4°Q ones. In fact, the line-cen-
ter broadening of these partially degenerate lines
is the result of a competition between Zeeman,
static Stark, and electron-impact broadening.

As a by-product it clearly appears that even a
strong Zeeman effect cannot be studied with a lin-
ear superposition of Lorentz triplets to each com-
ponent of the static Stark pattern.

It is a pleasure to thank Dr. W. Bbtticher and
Dr. H. W. Drawin for helpful and stimulating dis-
cussions, and also Dr. A. Omont for interesting
comments.

1(a)

0,3

Ao =4471.48 A Ne= 6x105 e em™3
1 (AA) - — . = 204K
I, (M) —— H = 7x10* ¢

«——— AX (R)

FIG. 2. Profiles of the triplet 2°P-4%Q (@ =P, D, F)
line centered at 4471.48 &.
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The contribution of the hyperfine contact interaction in the iron atom has been calculated by
many-body theory. Terms involving one and two Coulomb interactions have been included, and
our result for the contact constant is —4.55 MHz as compared with the experimental result of
—-5.1 MHz obtained by Childs and Goodman. Inclusion of an approximate relativistic correction
changes the calculated value to —4.87 MHz. An estimate of higher-order terms gives a theoret-
ical result —5.35 MHz or —5.72 MHz when the relativistic correction factor is included.

I. INTRODUCTION

The many-body perturbation theory of Brueckner!
and Goldstone? is used to calculate the hyperfine
contact interaction in the iron atom. The methods
used to evaluate the diagrams of perturbation
theory are taken from our previous work. *=% Qur
methods for applying the Brueckner-Goldstone
theory to atoms have also been used in hyperfine
calculations by Dutta etal.®

The effect of the contact interaction in the iron
atom has been analyzed previously by Watson and
Freeman' who carried out an unrestricted Hartree-
Fock (UHF) calculation in an analytic expansion and
obtained the value — 3. 4MHz for the contact hyper-
fine-interaction constant C. A more accurate UHF
calculation using an analytic expansion was later
carried out by Bagus and Liu® who obtained the val-
ue —4.4 MHz for C. An experimental value for
C equal to — 5.1 MHz has been obtained by Childs
and Goodman from their measurements of the mag-
netic dipole hyperfine-interaction constants for the
5Dy, 3,,,1 States of the ground term of Fe®” in an
atomic-beam magnetic-resonance experiment, s

The contact contribution to the hyperfine splitting
is written®1°

Eq=C1-J, (1)
where T is the nuclear spin and 3 is the electronic

angular momentum. The contact constant C may
be written®®

C=tn(g;-1)g. Le&un/S
X(L'S, My, Ms=S |23, 6(F)s,;| LS, My =L, Mg=S )
2)

b

where
gs=1 +[J(J+1)+S(S+1)—L(L+1)]/[2J(J+1\] . (3

The usual g factors of the electron and of the nu-
cleus are represented by g, and g, respectively. !!
The symbols u, and u, represent the Bohr magne-
ton and nuclear magneton. !!

We may also express C in terms of

4r .
X :?<LS; My, Mg=$ iZ)l 5(F)) s,

LS; My, MS=S>.
@
In order to calculate Eq. (4), we require the state



