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Magnetic interactions for mixed atomic configurations are given in tensor notation. These
results are obtained by expanding in powers of (v/c ) the equivalent operators for the Breit
equation. An operator is obtained which has angular dependence unlike that of any operator
appearing in the equivalent electron case. The particular case of interactions within con-

n m
figuration l l' is discussed.

I. INTRODUCTION

Conventional theoretical analysis of atomic spec-
tra involves fitting of the observed energy levels
with Slater and spin-orbit parameters, as well as
parameters arising from perturbations caused by
other configurations. Recent work~ ~ however~
has indicated the desirability of also considering
the effects of two-body magnetic interactions such
as spin-spin and spin-other-orbit.

The Hamiltonians for the magnetic interactions
have been considered by many authoxs for con-3

figurations l+, but little attention has been direc-
ted to work in the mixed configuration case. "
Recent work demonstrated how the magnetic in-
teractions for the configuration E could be ob-
tained in a straightforward manner starting from
the Breit equation by use of the equivalent operator
formalism. %e have utilized this formalism to
obtain the magnetic interactions for the mixed
configuration case. The results are completely
general and can also be applied to the interaction
of one configuration with another.

II. METHODS AND RESULTS

An equivalent operator is defined such that its matrix element taken between nonrelativisitic wave func-
tions produces the same result as does the relativistic operator evaluated between relativistic states.
This allows calculations to be carried out in the nonrelativistic scheme, where the powerful tensor tech-
niques of Racah' can be more fully exploited. The equivalent operator for the Breit interaction is obtained
by treating the Breit interaction as a perturbation to the Dirac Hamiltonian. This equivalent operator has
been obtained in form valid for mixed configurations in a previous paper'; the results are rather compli-
cated and therfore will not be repeated here. These previous results contain products of n-j symbols,
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radical integrals involving the large (E) and small (G) components of the relativistic radial wave function
and tensor operators for mixed configurations W(~~)K(l„f,). These tensor operators are defined by the
equations

W
' (l„l,) =+w. '

(f„1,)(-'. f, I I~' (1„&,) I I-'. 1 ) =[~,a] ~(t„f,)C(l'„1,).
Z

ln order to obtain the magnetic interactions, we expand in powers of (v/c) the results given in Eqs.
(16)-(21) of REFS; the lowest nonvanishing terms give the desired interactions. The procedure followed
consists of expanding the radial terms in powers of (v/c), and then carrying out the summations which
appear in the results of REFS. To first order in (v/c)', the large component F. becomes just the nonrel-
ativistic wave function Bl, the small component Gj is related, in this order, to I' by the equation

G. = (Fi/2mc)(d/dr- x/r)E , wh. ere ~ = (-1)~+ ' [j]/2.

Three radial parameters appear often in our results

+(f,f;f,f )=( h/2 ) f f R,(r,)R„(r,)R, (r.)R,„(.)(, /. '
)dr, d .

r, &r, la lc lb ld

q (f,f;f l )=(e&/2mc) OrR& (r,)Rf (r,)(r& /r&
'

)[R& (r,)(d/dr, )R& (r,)

R, (—,)(d/dr, )R„(r,)]dr,dr,

4
and 8 of Marvin

R (f l;l ld) = —'(eh/2mc) ffRf (r,)R (r,)R (r )R (r2)(r /r + )d,d, . (4)

lf is=lb and fc=&d (or & =ld»d 1 =1&), m =R . Following the procedure outlined above, we obtain the
E

following results:
A. Spin-Spin Term

s&sZI~~&~~~2&If%+I)(& 2)(2» s)I &r ttc '
Il&&)(&, ~~~

~(; ) "'"'( ). "''( )ac'. bd i a'b j c

where the sum is over E, la, lb, lc, ld, and over i 4j.
Orbit-Orbit Term

=8 (2K+1)/(K+ 2)(l I IC Illy&(E IIC Illd&[(ly)(ly+ 1)(2ly+ l)(ld)(Ed+1)(2ld+1)

E E+1 1 E'E+1 I
RK(i f f f

.

)
(0 K+ l)K+ l(f f )

(0 K+ l)K+ 1(f f )a' c' b d i a'b j c d
a a b c c' d

~ ~

where the sum is over K, l, lb, l, ld, and i 0j.
C. Spin-Spin Contact Term

1+ 2[(K+1)(K+2)]'[K+1] '(f IIC Ill &(E IIC +
IIZ )w. (Z, , E )'w. (f,, &d)

+(K+2)/(2K+3)(l IIC Ill )(1 IIC IIl )w( ) + (f f ) w. ( ) + (f f )a b c d i a'b j l, ld

+(K-1)/(2K-1)(f IIC Ill &(f IIC IIf„&w
(' )K-'(f f ).„('K)K-'(f

c' d

II',&( f IIC II~d&w. (E, l&) w. (1, fd)
' (equi/2mc) f(R& R Rf R /r )dr,
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where the sum is over E, l~, ly, lz, ld, and i 4j. As in the one-configuration ease, the spin-spin contact
term can be written

(2I,/3~)Z~(r. -r)(-1) 'I'{1 IIC IIg){i IIC IIld)w.
' I'(l, i,).w. I'(i, ld)-(16v/3)I, ~(r,—

2

r, ) Is, s, —3(s, r)(s, r)/~; (8)

The sum above is over E, P, and i 4j. The matrix elements of the second term above can easily be shown
to be zero when evaluated between any two particle states {l, l, SJ I and I l,l,SL), so that the spin-spin con-
tact term is just given by the first term in Eq. (8).

D. Spin-other-Orbit Term
2 2 1/2

,

t(l +l +K+2)(l + l -K)[(K+1) -(l -l ) ]l
K[K 1] ' c d {l IIC II(){l IIC +

II ld)

2 2 ' j./2
(l + 1& + K+ 2)(l + l&

—K)[(K+ 1) —(l —l ) ]
(l l; i~id)-2

~(1,+ld+K+2)(l +l -K)[(K 1) (1 l ) ].
+ [K] — )i {l II C Ill~){l I IC IIld) (l l; ldl~)

2 2 1/2
il +l&+%+2 l +l&-E E+1 — l —l

IIC IIl&){l IIC Il d) (l l;l l )

-(OK)K(l l )
-(1K+1)K(,

C

+[K] [K(K+1)] (l IIC IIl&){l IIC Ill&)(-2[1 (l +1)-l (l +1)][K ~ (l l;l l )

-(K+1) V (1 l; l„l)]+[1 (l +1)- l (l +1)]

x [K V (l l;l l„)-(K+1) H(l l;l„l)]-2q (l l;l l )+q -'(l l;ldl ))

(OK)K(
) (1K)K(l l )

where the sum is over E, l, l&, l, ld, andi 4j.

HI. SPECIALIZATION TO THE CONFIGURATION /+l'~

The previous results are valid for the general ease, and can be used, for example, to investigate the
perturbation due to the magnetic interactions of one configuration by another. This effect is considered
by some to be quite important. ' Another important field of application of these results, however, is that
of the effect of thy magnetic interactions within a configuration /nl'~.

In the case of an l&l 'm configuration, the interactions should be expressed, whenever possible, in terms
of the operators"

w+ (l l')=2 '[w (l l')+(-1) +
w (l' l)]

as these operators have definite transformation properties with respect to the groups Sp4(1+1~+ 1) and

&2(l+ l'+ 1)~

The operators corresponding to the interaction of two equivalent electrons are given in Ref. 6; we are
concerned here only with the terms corresponding to the interaction of inequivalent electrons. We have
seen in the previous section that in the spin-spin and spin-other-orbit interactions our results do not
contain Marvin s integrals. It is interesting, however, to introduce these integrals at this point by the
relati. ons



—,' [Z (I I'; I'I) +Z (I'I; ii ')] =aP ~d I (ii '; ll') = Z .
%'e further separate the Hamiltonians for the vaxious interactions into X and X, which axe, respectively,
antisymmetxie and symmetric with respect to interchange of / and E' in the angular portion. For example,
we can write for the spin-spin part:

1 2 1

x '=2~s E I [(x+ u(x 2[[+2sc,s[['I &&ri[c
' [[&[«'[[c~[[r

x[w. ' " '
(I I) w. "'(I I)].(linc tel)&1 inc "imp [w"~")~"I I'-(I&)& I

+ 2~(l ( [ C [ [it)(i [ [ C +
~ [ It [

—(IÃ+ 2)E+ 1( P)
~ —{1Ã)Z+1( I)]

j. 1 2x„=5' & ~ 2,I[(z+I){If+2)(2ft+3)]'[~ (li'I'I)-~ (I'I 11')]((i(le ' ill)(1'Ilc Ill')

x[ (1++2)+'1(1 l} w
' (l' I')]-(llIC ill)(l'I IC +

I ~i')[w (I I') w. {I I)]).

%e have verified that for the configuration dp, the symmetric parts of the spin-spin and spin-other-orbit
HRmlltonlRns Rl e ldeQtlcRl to 3C~II Rnd 3~I of MRlvln.

If oQe neglects the orbit-orbit 1QterRctlon, which 18 Rbsox'bed by the effective HRmiltoDlRD produced by
configuration interaction, and the spin-spin contact term, which is absorbed by the Coulomb interaction,
one finds that the total number of parameters required to repx'esent the magnetic interactions within the
configuration P/'~ is 4E~+2, where 3~is the smaller of E and l'. This number is small enough to permit
a fit of these parameters in numerous spectra (for example, the configurations d"p of the third spectra
of the iron group).

IV. MSCUSSIOW

%8 have expanded the equivalent operator form
of the Breit equation in powers of (v/c) in order
to obtain the magnetic interactions in a tensorial
form valid for mixed configurations. The results
obtained to order (v/c)' are given in Sec. II; a11
two-body tel'11ls (excep't 'those having the allgulal'
dependence of the Coulomb interaction) having
angulax dependence different from those given
in Sec. II are zero to order (e/c) .

There are two very interesting points to be made
coneexning the xesults of Sec. II. First, Marvin's
integrals do not represent all of the radial param-
etel8 arising from the magnetic inte1"Rctlons.
Because of the differences in methods of deriva-
tion, it is not Rt all clear why our results diffex
from those of Marvin. 4 %'e Dote, however, that
a recent paper' which considered specific cases
of magnetic interaction in mixed configurations
also obtained integrals such as Pff dnd Q+. The
second point of interest is that an opex'ator has
been found in Sec. II. D which has an angular

dependence not found in the equivalent electron
case. The assignment of the new operator to
the spin-gther-orbit interaction is somewhat
arbitrary. The genexal form of the angular
dependence is certainly analogous to that of the
other spm-other-orbit interactions, but the
method of dellvRtion does Qot actually give Rny
indication as to which (if any) of the classical
operators would give xise to such a texm.
Application of these results to term analysis in
configurations E E would appear to be straight-
forward. As shown in Sec. III, the number of
additional radial parameters introduced by the
magnetic interactions in such eases is not pro-
hibitive. However, analyses which entail de-
composing the interactions into pax ts having well-
defined symmetry properties""" will require
that the results of Sec. II be restated in terms of
the angular operators w + (x@. This is not diffi-
cult to do, but the resulting expressions are con-
sldex'RMy le88 coQclse thRQ the results given ln
Eqs. (6)-(1o).
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Absorption profiles of cesium resonance lines at 8521 and 8944 A have been measured
for the wavelength range from 0.5 to 30 A from the line centers using a tungsten ribbon
light source, cell lengths L from 0.31 to 6. 1 cm, and Cs densities N from 2&& 10~4 to
2 && 10~6 cm . The wavelength dependence of the absorption coefficients are consistent with
a Lorentzian form and values of pf/N= l. 08 && 10 and 0.30&& 10 cm sec are obtained
for 8521 and 8944 A lines. Here V is the collisional (or Lorentzian) half-width and f is the
oscillator strength. The values of yf/N deduced from total fractional absorption data agree
with those determined from the line profiles. Our results agree well (to within 15%) with
those of Gregory and with theory, but disagree with more recent data. A source of error
in some previous determinations of half-widths is the fact that even when the calculated
absorption is very large, the measured transmission at the line center is significant; about
3.5&& 10 compared to -10 ' predicted from our measurements in the wings of the
lines for N=1. 14&& 10 ~ cm and L= 5.9 cm. This effect is shown to result from trans-
mission through the monochromator at wavelengths in the far wings of the instrument
function.

I. INTRODUCTION

The broadening of cesium resonance lines,
Cs 8521 A (6'P„,-6'S», ) and Cs 8944 A (6'P»,
-6'S„,), due to collisions with Cs atoms has been
studied by several investigators. However, there
is a two- order-of- magnitude discrepancy .between
the collisional half-widths' given by the early work
of Gregory' and the recent data of Pollock and
Jensen' for the Cs 8521A resonance line. As
pointed out by Reck, Takebe, and Mead, 4 a signif-
icant difference between the two studies is in the
method of interpretation of the data. Gregory'
deduced the collisional half-width for the cesium
resonance lines from the wings of the absorption
line profile, while Pollock and Jensen' obtained
their value from the width at half maximum of the
apparent absorption coefficient curve. This dif-
ference has led to the proposal4 that theories of
collision broadening applicable in wings of the
line are not valid near the resonance line center.
Our objectives are to measure carefully the ab-
sorption coefficients in the same spectral range
as in the earlier experiments and to determine
accurate values for the self-broadening collision
frequencies for the lowest resonance states of
cesium. In the course of this work we have found
one possible cause of the disparity among the fre-
quencies for self-broadening collisions obtained
in previous experiments. The experimental ap-
paratus and procedures are reported in Sec. II.
A theoretical treatment of the experiment is pre-
sentedinSec. III, and the results are given in

Sec. IV. Section V contains a discussion of the
present work and its relation to earlier work.

II. EXPERIMENTAI. APPARATUS
AND PROCEDURES
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FIG. 1. Schematic diagram of the experimental setup.

A schematic diagram of the experimental ar-
rangement is shown in Fig. 1. It consists of a
light source, an absorption cell, and a photoelec-
tric detection system. The light source is a 100-
100-W tungsten-strip projection lamp (Westing-
house EDW), which is housed in a blackened alu-
minum box and is powered by a current-regulated
(0. 01%), dc power supply. The lamp has bright-
ness temperature of 2490'K as measured by a
calibrated Leeds and Northrup optical pyrometer.
Light emitted from this lamp is collimated by an


