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The radiative magnetic dipole transition rate between 2p3,, and 2p;,, single-particle electron
states has been calculated with relativistic screened hydrogenic wave functions for seven ele-
ments with 70 <Z <93 and is found to contribute only ~10-® of the total L, level width. The re-
sult has been corroborated by an experimental study of the Pb M x-ray spectrum in coincidence
with Ko, and Koy x rays, establishing a limit wgg < (1.4%3.0) x 10~ for the radiative part of the
Ly-L3X Coster-Kronig transition probability in Pb.

I. THEORY

Existing measurements'~® of the L,-L,X Coster-
Kronig transition probability f,; for Z=> 70 exceed
theoretical results derived from screened hydro-
genic wave functions” and from a self-consistent-
field (SCF) approach® (Fig. 1). The question arises
whether radiative spin-flip transitions could con-
tribute measurably to f,3. The L,-Lg radiative
Coster-Kronig transition has recently been ob-
served, ° as has the K-L, spin-flip transition. 10

We calculate the radiative magnetic dipole tran-
sition rate between 2p;3,, and 2p,,, single-particle
electron states following the formalism of Scofield,!
but with relativistic screened hydrogenic wave
functions. The use of analytic wave functions is
justified since only an order-of-magnitude result is
desired. The initial and final states are charac-
terized by the quantum numbers k; =-2, k=1 [k
=% (j+3) for j=1+%]. The transition rate is

Ty =2aw?(2j; +1) f1(m)

=2aw(2j; +1) B(-«k;, ks, 1) Ri(m) , (1)

where « is the fine-structure constant and w is the
transition energy, - in units such that Z=m=c=1.
The quantity B, which vanishes unless J=L+1; +1;
is even and L, j;, and j; form a triangle, is de-
fined as

B( =k, ks L)=[(21; +1)(21;+1)/L(L +1)]

X C¥(T,, 1, L50,0)W2(5,7, 4, 13 5L), (2)

where I=— if k<0 and I=x —1 if k>0. In the pres-
ent case, B(2, 1, 1)=%, whence
Ty =2aw RE(m) . ®3)

The radial matrix element is

Ry(m)=(k; +k;) [ arj,(er) (F; G, + G4 F;)
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FIG. 1. Theoretical Ly~-L3X Coster-Kronig transition

probability fy3 calculated by Chen, Crasemann, and Kos-
troun (Ref. 7) from hydrogenic wave functions and by
McGuire (Ref. 8) through an SCF approach, compared
with experimental points (Refs. 1-6).
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== [ drj,(kv) (F1 G5+ Gy Fy) . (4)

With Slater-screened'? hydrogenic bound-state
wave functions, ** we find

Gy Fi +F; G =a 77 e™ (By+07) + ap77e™ (B, +67)

(5)

where

Y=Yt 7nn Y= (K? - £§)1/z, §,=aZf

for the L; state, and
A=A+ A A= (- W3
Wi = ['é'(l + ‘)’11)]1/2 ’ Wi = 3 Y1 ;
@y == Ny Nygr (1+ Wu)l/a (1 - wy'?,
@ == Ny Ny (1 + Wm)llz (- wy)''?;
B1=2(Wy=1), Bp=2Wy; (6)
6=20\y - 511)/(2')’11"" 1);

_oryg-1/2 3711372
Ny =2"11 A1

{(@yy;+1)/[T 2y +1)
X (Err— 7‘11)]}1/2 ,
Nii= ;Hm/z [2T(2yyy + 1)]/2 .

The matrix element R,(m) can then be expressed
in simple closed form:

I'(y-1)si -1)6
Ry(m)= _Ex_éiz_‘l’zéa (72)‘2 +)ksé;r(1¥(_71/)/2 )

_030+0,6 I(y)sin(y6)

k2 ()‘24_ kZ)'//Z
oy B+, P T(y)cosyd
* 2 0+ 1?72
a;6+a,6 I'(y+1)cos(y+1)d )
+ 5 CZ AT 7T

where 6 =tan'(2/) and k=w=E; - E;, the energies
E being the (absolute values of the) binding energies
in the neutral atom!* (in units of mc?).

Numerical results for the Lg—~ L, M1 radiative
transition probability are listed in Table I for se-
lected atomic numbers. !® For comparison, the to-
tal widths I'® of atomic states characterized by an
L, vacancy are also listed, based on an earlier
computation.” It is seen that L,~ L, radiative tran-
sitions contribute only ~ 10~ of the total L, width.

II. EXPERIMENT

The result of the foregoing calculation was cor-
roborated by an experimental search for 2.14-keV
photons from the Ly~ L, transition in the Pb x-ray
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TABLE I. Calculated radiative L,~L3X Coster-Kronig
widths T'% and total L, level widths IT'2,

Element T% (ev) I'? (ev)?
70Yb 6.40x 106 4.76"
uW 1.48 x 1070 5.151
3Pt 2.97x 10 5. 64°
goHE 4.23x10 5.942
g2 Pb 5.89x 107 6.25°
asAt 9.81x 107 6.779
93N 3.58 x 10 9.842
3From Ref. 7. ’Interpolated.

spectrum that arises in the decay of Bi?*". The
sought line falls into the M x-ray region. A sizable
contribution from the radiative part w,; of the
Coster-Kronig probability f,3= as3 + w,3 would result
in a difference in M-peak intensities in coincidence
with Ka, and with Ka, x rays.

To derive the necessary equations for the inter-
pretation of the experiment, the following definitions
are introduced:

Cuxay = Counting rate of M x rays in coincidence
with Ka, x rays;

Cux ap= counting rate of M x rays in coincidence
with Ko, x rays;

Cx o, =counting rate of Ka, x rays in the Ko, gate;

Cko, =counting rate of Ko, X rays in the Ka,
gate'$;

Npou =number of M vacancies produced in filling
an L, vacancy,

ng, 3,,,=number of M vacancies produced in filling
an Lj vacancy,

W,y =average M-shell fluorescence yield for the
M-vacancy distribution created when an L, vacancy
is filled;

W =average M-shell fluorescence yield for the
M-vacancy distribution created when an Lj vacancy
is filled.

The measured coincidence counting rates are
given by

Cure,= CrayNoan Wi (€Qf)y > (8)

Cucay = Ck oy [ Myt W +Fa3Mp gy Or g + 23] (€R1 )y
(9)

where (eQ2f), refers to efficiency, solid angle, and
attenuation correction. Equations (8) and (9) do not
contain terms that account for nuclear cascading.
In the case of Bi?®", such nuclear cascading is very
small, because of the long lifetime of the 1633-keV
state involved in the major decay mode.

We now take wy = wyy=wy. This assumption
is based on a detailed estimate of the vacancy dis-
tributions, and on the observation!” that most M
vacancies tend to be shifted to the M, and M; sub-
shells by Coster-Kronig transitions, and that the
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FIG. 2. Lead Ka x-ray spectrum from Bi?®’ decay.
Positions of gates employed in coincidence experiments
are indicated.

fluorescence yields of these two subshells appear
to be nearly the same. Dividing Eq. (9) by Eq. (8),
we then find

‘ n
I:CMKaz Cxa]:l _[_a_" X s :|=——23-3=— . (0)
Cuxey Cray L gn (CAVE]

The vacancy numbers 7n.,, and n;4, can be esti-
mated from L, and Ly x-ray emission rates, !
Auger-electron line intensities, '® and measured
Coster-Kronig transition probabilities, #!° with the
result 7z, =0.95 and 7y ,=1.13.?° For the per-
tinent average M-shell fluorescence yield, we adopt
wy =0.030+0. 007 from the work of Jopson et al. 2!
and of Konstantinov and Sazonova, 2 and we use*!°
f23=0.164+0.016.

Lead M and L x-ray spectra from a thin Bi?"
source were measured with a Kevex Si(Li) detector
[dead layer < 0.3 u, 0.05-mm Be window, resolu-
tion 260 eV full width at half-maximum (FWHM) at
6.4 keV] in coincidence (27 =800 nsec) with Ka, or
Ko, x rays measured with a Ge(Li) detector (reso-
lution 480 eV FWHM at 14.4 keV). The Ka x-ray
spectrum is shown in Fig. 2. Typical M and L x-
ray spectra in coincidence with K, and Ka, x rays
are reproduced in Fig. 3. Also shown in Fig. 3 is
the spectrum of M and L x rays in coincidence with
KB,,5 x rays, which arise from M, ;—~ K transitions.
The smallness of the peak at 3.1 keV shows that
M, 5 vacancies are not often filled radiatively, but
most frequently are transferred to the M, ; sub-

[

shells by Coster-Kronig transitions. Radiative
filling of the M, 5 vacancies results in the prominent
peak at ~ 2.5 keV. This observation supports our
assumption underlying the formulation of Eq. (10)
that wr, = wygy.

The result of the coincidence measurements is

Chgaz Ciay/Cutrr oy Crray=1.044:£0. 075,

whence, by Eq. (10), the radiative L,-L,X Coster-
Kronig transition probability in Pb is

wps S (1.4£3.0)x10° .
This limit on wyg corresponds to a limit

I2<(0.9+1.9)x1072 eV

on the radiative L,-L X partial width, which is
compatible with the result of the calculation in Sec.
I: The theoretical partial width is approximately
200 times smaller than the experimentally estab-
lished upper limit. Clearly, radiative transitions
do not account for an appreciable part of f,3.

A part of the discrepancy between theoretical and
experimental f,3 values that prompted this investi-
gation has very recently been traced to a systematic
experimental error due to the presence of the un-
resolved L7 line in the La x-ray group. ?® The re-
maining difference may well arise from the approx-
imate nature of the wave functions used by Chen
et al.” and of McGuire’s approach, ® and may disap-
pear when calculations with more realistic numeri-
cal wave functions are performed.

sla
COINCIDENCES WITH Ka,
M Ly 7 LB
n c Y
— . . Y
1 1 1 1 1 1 1 1 1 I. 1 I.

COINCIDENCES WITH Ka,

~
LAY

—_—

.. -
P a—— r—:—r—-ﬁl\r“—‘.‘ —
COINCIDENCES WITH KB, 5 .

COUNTING RATE (ARBITRARY SCALE)

~25keV |

. %

"L |Blkev -
I ot NS RS N,
o 2 4 s 2 14 6

8 10
ENERGY (keV)

FIG. 3. Lead M and L x rays from Bi*7 decay.



4

*Work supported in part by the U.S. Atomic Energy
Commission and by USAROD Basic Research Grant No.
DA-ARO-D31-124-70-G78.

IS, Mohan, H. U. Freund, R. W. Fink, and P. Venu-
gopala Rao, Phys. Rev. C 1, 254 (1970).

’p. Venugopala Rao and B. Crasemann, Phys. Rev.
139, A1926 (1965).

"3S. Mohan, R. W. Fink, R. E. Wood, J. M. Palms,
and P. Venugopala Rao, Z. Physik 239, 423 (1970).

4p. Venugopala Rao, R. E. Wood, J. M. Palms, and
R. W. Fink, Phys. Rev. 178, 1997 (1969).

5J. M. Palms, R. R. Wood, P. Venugopala Rao, and
V. O. Kostroun, Phys. Rev. C 2, 592 (1970).

’R. E. Wood, J. M. Palms, and P. Venugopala Rao,
Phys. Rev. 187, 1497 (1969).

™. H. Chen, B. Crasemann, and V. O. Kostroun,
University of Oregon Nuclear Physics Report No. RLO-
1925-50, 1971 (unpublished).

SE. J. McGuire, Phys. Rev. A 3, 587 (1971).

%H. U. Freund, E. Karttunen, and R. W. Fink, Bull.
Am. Phys. Soc. 15, 1305 (1970).

VR, K. Smither, M. S. Freedman, and F. T. Porter,
Phys. Letters 32A, 405 (1970); F. Boehm, ibid. 33A,
417 (1970).

13, H. Scofield, Phys. Rev. 179, 9 (1969).

2y, o. Kostroun, M. H. Chen, and B. Crasemann,
Phys. Rev. A 3, 533 (1971).

BM. E. Rose, Relativistic Electron Theory (Wiley,
New York, 1961), Sec. 29.

PHYSICAL REVIEW A

VOLUME 4,

DOES THE COSTER-KRONIG...? 849

143, A. Bearden and A. F. Burr, Rev. Mod. Phys. 39,
125 (1967).

bafter completing these calculations, we found that
unpublished results by H. R. Rosner and C. P. Bhalla,
based on relativistic Hartree-Fock-Slater wave functions,
agree closely with some of the transition probabilities
obtained in the present work.

18The counting rate in the Ko, gate is corrected for
counts due to the tail of the Koy x-ray photopeak; see
Ref. 4.

"E. Karttunen, Ph.D. thesis (Georgia Institute of
Technology, 1971) (unpublished).

B3 K. Haynes, M. Velinsky, and L. J. Velinsky,
Nucl. Phys. A90, 573 (1967).

9The value of f 23 for Pb was remeasured in the course.
of the present experiment, with exactly the same result
obtained previously (Ref. 4), viz., f3=0.164+0.016.

Bour value of n;_y includes the effect of L,-M radia-
tive and Ly-MM, L,MX, and L,-LsM radiationless tran-
sitions, but does not include the effect of subsequent
transitions to the Lj vacancy created by the L,-LM
Coster-Kronig transitions.

4R, c. Jopson, Hans Mark, C. D. Swift, and M. A.
Williamson, Phys. Rev. 137, A1353 (1965).

2A. A. Konstantinov and T. E. Sazonova, Bull. Acad.
Sci. USSR Phys. Ser. 32, 581 (1968).

BJ. C. McGeorge, S. Mohan, and R. W. Fink (unpub-
lished).

NUMBER 3 SEPTEMBER 1971

Nuclear-Spin Inertia and Pressure Broadening of 2 P,;, Hanle-Effect Signals*

B. R. Bulos and W. Happer
Columbia Radiation Laboratovy, Depavtment of Physics, Columbia University,
New York, New York 10027
(Received 14 April 1971)

Hanle-effect measurements yield values for the collisional depolarization rates of 2P1 /2 ex~
cited atomic states that are about three times too small unless one explicitly includes the ef-
fects of nuclear spin. The broadening also becomes a nonlinear function of foreign-gas pres-
sure. We present experimental evidence for nuclear-spin effects on pressure-broadened Hanle-

effect signals of Rb% and Rb®’ in helium.

Well-isolated P, ,, atomic states, such as the
52P, ,, state of rubidium, the 6°2P,,, state of cesi-
um, or the 6%P,,, state of thallium are known to
have anomalously small collisional depolarization
rates in inert gases. Franz!' and Gallagher? have
pointed out that this is because the dominant forces
during an interatomic collision are of an electro-
static nature and cannot exert torques on a 2P, /2
state. However, a %P,,, state can be depolarized
by virtual transitions to the neighboring 2P3 /2 state;
and, consequently, when the fine-structure splitting
of the P doublet is small, as is the case in potas-
sium and sodium, the depolarization rates are
large. The most detailed experimental studies

of collisional depolarization of 2P1 /2 states are
those of Gallagher,® whose results are summarized
in Table I. Gallagher’s quoted depolarization
cross sections are indeed quite small compared to
the corresponding 2P3 /2 depolarization cross sec-
tions, which are typically on the order of 1074
cm?, In this paper we would like to point out that
Gallagher’s quoted cross sections actually exagger-
ate the smallness of the depolarization cross sec-
tions by a factor of about 3. This is because the
width of Hanle-effect signals is narrowed by cer-
tain nuclear-spin effects that have nothing to do
with the true electronic depolarization process.

It is well known that the nucleus is essentially



